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SUMMARY
This work was stimulated by the fact that supplies of fossil fuels are 
finite, while there are abundant renewable forms of energy waiting to be 
tapped. The current fossil fuels store is reviewed before identifying usable 
forms of renewable energy which could replace or supplement fossil fuels.
Bagasse - a solid byproduct in sugarcane milling - is then described in 
detail as a typical lignocellulosic waste which forms part of a larger class 
of renewable energy sources called bicmass. The chemical and physical 
characteristics, as well as world-wide regions of production of bagasse are 
described. The research work therefore concerned itself with investigating 
various physical methods of conserving renewable energy by improving on the 
extraction efficiency of such energy from b agasse.
The equipment used for carrying out the research work is described in 
detail in chapter two. The methods employed in carrying out the investigations 
are similarly described in the same chapter, detailing every step in the 
investigations, including any precautions which had to be taken.
The crude results from the investigations are analysed in detail in chapter 
three so that fuel combustion, combustion oxygen demand, heat and mass balanced 
for the process are considered. An analysis of the boiler system - the main 
equipment in the investigations - is also carried out in chapter three so that 
temperatures, gas flow patterns, particle elutriations and size distributions of 
the fuel in the system are established.
Conclusions of the investigations are then drawn from the analyses of 
chapter three. As a prelude to the conclusion of the work, an industrial biomass 
survey carried out in Tanzania is analysed to show that bagasse is not the only 
lignocellulosic which is produced industrially, and that reasonable financial 
savings can be obtained from these other lignocellulosics. The work concludes 
by describing a few areas of related research interest for further investigation.
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1. INTRODUCTION
1.1. Preamble:
1.1.1. The objectives of the Research:
This work is consequent upon observations made by many authors 
including McMullan et al (1976), CoCoWec (1978) and Wee (1978) that 
the World's fossil fuel reserves are finite, and that an energy crisis 
of unknown proportions is imminent if renewable forms of energy are not 
developed soon. These renewable forms of energy include wind, ocean 
waves, geothermal sources, water falls, solar sources and biomass. 
Slesser and Lewis (1979) define biomass as plant, animal and vegetable 
wastes so that biomass, and in particular lignocellulosic waste, is an 
indirect form of solar energy since all plant, animal and vegetable 
matter depends on it directly or indirectly for their survival. 
Lignocellulosic wastes or just lignocellulosics are those wastes, 
usually fibrous, deriving from plants after the plants have had their 
humanly useful parts removed industrially or manually. Examples are 
cotton which undergoes Winning process to produce cotton fluff, and 
sugar cane from which useful juices are removed by milling to leave 
a lignocellulosic residue known as bagasse.
Clarke (1979) noted that the sugar cane plant is about 
the most efficient utilizer of solar energy, absorbing as much as 
2% of all radiant energy falling on it. The sugar cane plant is 
the main source of sugar used in the world and is grown in many tropical 
and sub-tropical countries, the major growing countries being Brazil, 
Cuba, USA (Hawaii and the Southern States from Louisiana to Florida), 
Australia, China, The Phi 11ipines, The West Indies, Malaysia, Indonesia, 
Taiwan, MauritiUS', South Africa and a host of other countries including 
Tanzania. An economically important lignocellulosic produced in all 
the sugar growing countries is bagasse which is the fibrous material 
left over after the sugar cane stalk has been crushed to remove the 
juice which is essentially sucrose and water. Bagasse is economically 
important in that it is burnt in the boilers of sugar mills to raise 
process steam as well as, occasionally, electricity and can be used 
as a raw material for many other products.
Atchison (1979), Mead and Chen (1977) and Magasiner (1978) 
have noted that the bagasse-fired boilers are inefficient in raising
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process steam. This inefficiency results in more bagasse being burned 
for raising steam than is necessary since, theoretically, up to 20% of 
the material should be available as surplus bagasse as noted by Atchison 
and could be used for other purposes as noted earlier. The consequence 
of this inefficiency is that some mills end up supplementing the bagasse 
with fuel oil, coal or wood, as at the Kilomero Sugar Mills in Tanzania. 
Supplementing the bagasse with other fuels incurs extra costs, sometimes 
in foreign currency, with the ugly results of running the mills at under 
capacity if there is a shortage of foreign currency, thus producing 
sugar for local consumption at inflated prices.
This work endeavours, therefore, to investigate physical methods 
by which the boiler efficiency can be increased without altering its 
geometrical configurations. The physical methods which are investigated, 
chapters 2, 3 and 4, with efficiency as a dependent variable are: primary,
secondary air ratios; excess air; operating power; moisture content 
and utilizability of the stack gases. The boiler system used for this 
investigation has been a modified grateless Ward Cell as used in Open 
Pan small scale sugar mills as at Kakamega, Kenya, and is fully 
described in section 2.1.2. The importance of being able to raise the 
efficiency of the boilers by manipulating physical parameters cannot 
be overemphasised since any such methods succeeding would 
result in (i) boiler operations at higher capacities (ii) reduction 
in operating costs (iii) lower retail price to consumers and (iv)
Surplus bagasse for other purposes. This work concludes with Chapter 
4 by examining the results of a survey of the availability of lignocell­
ulosic wastes carried out in Tanzania, Nov. 1983 - Feb. 1984, by the 
author to determine the energy potential of industrial lignocellulosics 
other than bagasse. The whole of this work can therefore be seen as 
an attempt to conserve renewable energy by improving the efficiency of 
utilisation of such energy. This is one of many methods currently 
available for reducing dependence on fossil fuel, which, as earlier noted, 
are finite. The importance of conserving and improving utilisation of 
both renewable and unrenewable energy sources as well as lessening 
dependence on fossil fuels cannot fully be appreciated without recourse 
to currently available data on World fossil fuel reserves as well as 
the promises offered by renewable energy sources, particularly 
lignocellulosics. The next two sub-sections of 1.1. will therefore 
endeavour to highlight these issues.
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1.1.2. Current World Fossil Fuel Reserves
The conventional sources of energy in the world today are 
petroleum, coal and gas. These sources are finite, yet they contribute 
about 90% of all the energy used worldwide, Flarker and Backhurst (1981) 
table 7 projection for 1985; although a significantly smaller proportion 
derives from them in the developing world. The energy crisis began in 
earnest in 1973 when the Oil Producing and Exporting Countries (OPEC) 
raised their oil prices' so much and so suddenly as to cause serious 
energy crises in the imported-oi1-dependent nations of the world. This 
crisis helped highlight the need not only to look for alternative 
renewable energy sources,"but also to,re-investigate fossil fuel sources 
then considered uneconomic or technologically unrecoverable. National 
and international Organisations concerned with energy began in earnest 
to work out current and future energy strategies so that known and 
unknown conventional fuel reserves were brought up to date. 
Unconventional sources of fossil energy - oil shales, and tar sands - 
also began to feature prominently in energy forecasts. Many authors, 
either as individuals or working in groups under government or some 
international agencies, have written widely on the subject of available 
world reserves of petroleum, coal and gas; and they all agree broadly 
on how much of these conventional resources are still available.
McMullan et al indicated that the th«ncurrent (1973) oil
12 11 reserves were 2 x 10 barrels (2.9 x 10; tons), which compares
with estimates of 6 x 10^ barrels obtained in the 1940‘s, with much
of the difference arising from improved recovery techniques rather than
12new discoveries. In energy terms, the figure of 2 x 10 barrels
22 15represents about 10 Joules or 3 x 10 kWh. The same authors note
22that gas reserves associated with the oil amount to a further 10 
Joules, thus doubling the energy store. Assuming the current (1985) 
world oil and gas consumption of about 293EJ, then the available oil 
and gas reserves will last for only 34 years at 1985 consumption rate. 
The authors also indicate that world peat reserves are 2-3.3 x 10 ^  dry
pp
t o n n e s  representing an energy store of about 7 x 10 Joules, while coal
12reserves worldwide stand at 7.6 x 10 tpnneS as estimated by the U.S. 
Geological Survey (1969), representing an energy store of about
3.
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2 x 10 Joules or 5 x 10 kWh so that total energy reserves from
23coal and peat is 2.7 x 10 Joules (270,000 EJ). Assuming total 
world production and consumption estimated by the same authors of about 
2145 x 108 tons (5.645 x 1 0 ^  Joules) at 1972 rate, the coal and peat 
resources would last for 4783 years. However, this coal and peat 
resource includes the very deepest of seams as well as the large 
amounts which are yet to be discovered and for which the extraction 
methods are yet to be developed. Thus the current true coal and peat 
reserves will last for only another two centuries, according to the 
estimates of the World Energy Conference (WEC).
The World Energy Conference consists of experts in the fields of 
fossil fuel production, consumption, research, reserves and resources, 
as well as in future trends in supply and demand. The 1978 WEC made 
observations on fossil fuels with regard to their supply, demand and 
reserves/resources as follows:
Ultimate recoverable oil resources stand at 300GT worldwide with 
a recovery efficiency of about 35% between 1977 and 2000AD. so that 
at oirrent (1985) production of 215EJ, the oil resources would last 
for only 21.4 years from 1985. Assuming an improved recovery 
efficiency as a result of technological advances, the resources would 
last at most 35 years. However, if unconventional oil sources such as 
oil shales and tar sands, 400GT and 315GT respectively, are exploitable 
in the 21st Century and if only 10% of it is recoverable and exploitable, 
then the maximum number of years these unconventional sources would 
last is 14.6 years? thus conventional and unconventional petroleum 
supply will last for only about 50 years from 1985. If there is improved 
technology so that recovery efficiency of both conventional and uncon­
ventional petroleum is changed dramatically, say to over 50%, then 
the supply will last much longer than 50 years, but clearly not much 
beyond 2065 AD even allowing for new discoveries.
WEC also noted that current (1977) natural gas production was 
50EJ while proven reserves stood at 2500EJ so that at current (1977) 
production and consumption rates the gas reserves would last for only 
50 years from 1977. Remaining undiscovered reserves are estimated 
at 8100EJ so that if this figure were true, the maximum number of years
£  7 Barrelsrrl ton; 1 Exajoule (EJ) = 10i8 Joules = 2.78 x lO^KWh
1 Gigatonne (GT) = 108 tonnes = 7 x 10^ barrels = 44EJ "1
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for which natural gas would be available from 1977 is 212 years at 1977 
production rate. However it is unlikely to last that long since production 
has continually increased. Natural gas production is estimated at 77EJ 
by 1985 and 143EJ by 2000 A.D., so that the supply would last for only 
74 years at 2000 A.D. production rate or only 42 years at 1977 
production rate if the undiscovered reserves turn out to be illusory.
With regard to coal, WEC indicates that world coal resources
9stand at more than 10,000 x 10 t.c.e, while those reserves considered
economically and technically recoverable now or in the very near future
stand at 640 x 109t.c.e. In 1975, the world produced 2593 x 108 t.c.e.,
and expects to produce 3884 x 106. 5780 x 106 t.c.e. in 1985 and 2000 A.D.
•respectively.; Assuming the 1985 production rate for all the years to
come, and assuming further that all the coal resources would be
recoverable as technology develops, then coal supplies would last for
another 2575 years. If the proven and recoverable value is used, then
coal supply would last for only 165 years. The coal resources include
coal seams that are very thin>that are in -i nhospitable places such as in
the polar regions or far too deep for any meaningful exploitation.
Therefore the proven reserves plus a modest additional element which
might be discovered later form the basis for realistic coal assessment.
WEC notes that more economic coal reserves may continue to be discovered
1 ?as Botswana claimed recently to have resources in the order of 10 
t.c.e., making coal by far the most plentiful of the fossil fue l.s.
WEC notes further that even with the most demanding rates of world 
production, coal reserves should represent at least two centuries 
of energy supply. Furthermore, coal should serve most effectively 
once conversion technologies are developed and perfected so as to replace 
diminishing supplies of oil and gas in all aspects.
Clearly, the preceding literature has helped to show that all 
fossil fuels are finite, with coal lasting longest at 200 years.
Although coal occurs virtually in every country, some countries have 
plentiful supplies while others have very little. It is therefore 
logical that those with very little should immediately start looking 
into renewable alternatives while those with plenty should start 
perfecting conversion technologies for both coal and biomass.
£l tonne-coal equivalent (lt.c.e.) = 1 tonne hard coal = 29.30 Gigajoules (GJ)
1GJ - 109JoulesJ
It is ironic to note that most of the world's coal is to be found in 
the Northern Hemisphere, while most sunlight and fast growing 
vegetation is to be found in the Southern Hemisphere - 
particularly in the tropics. The finite nature of fossil fuels has 
necessitated an evaluation of renewable energy sources: sub-section
1.1.3. therefore reviews renewable energy. Just as OPEC caused the 1973 
oil crisis by producing and charging for their oil at will, so too,
the next energy crisis might well be one in which countries with coal, 
oil or gas will refuse to sell it for fear of running out of fossil 
energy resources before they have developed new, reliable alternative 
energy sources. It is in this next major crisis that those nations which 
had prepared themselves in advance will survive, while those which did 
little or nothing will find themselves with enormous economic and 
social problems.
1.1.3. Alternate Renewable Energy Sources
As sub-section 1.1.2. shows, the world's fossil fuel reserves are 
finite, and the longest period they are likely to last is 200 years, 
and this only for coal. New sources of renewable energy have to be 
developed now, not only to prevent crisis like that of 1973 recurring, 
but in preparation for the eventual depletion of fossil fuels in the 
years to come. Of the renewable energy sources mentioned in 1.1.1., 
biomass is the most versatile of them all, and is universally available* 
renewable and convertible in agrochemical processes into myriads of 
products. The methods by which biomass can be processed and converted 
are described in section 1.2. under lignocellulosics. This section (1.2.) 
aims to highlight the availability, renewability and convertibility of 
lignocellulosics which are themselves the most versatile and superfluous 
of the biomasses. The promises which renewable energy sources, 
particularly biomass, offer cannot be over emphasised if they are 
reviewed in the context of findings by a number of authors on the 
subject.
Stockman (1960) noted that conceptually all chemicals currently 
made from oil and coal can be made from wood, and that before the advent 
of coal and petroleum, chemicals like tar, turpentine, acetic acid 
and extractives were all made from wood or other lignocellulosics.
Myers (1978) notes, however, that one tonne of plant biomass contains 
about 60% of the energy of one tonne of bituminous coal, while 17 times 
as much energy as is used worldwide is Delieved to be stored in plants.
Thus, in just ten days, enough energy isstoredin plants to equal all
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known fossil fuel energy sources. Borzani (1976) notes that Brazil's 
primary energy consumption is now (1975) 29.1% derived from wood, charcoal, and 
bagasse, all renewable, while hydro electric power (HEP) forms 23.7%*
The same author notes that only 6.2% of the world's energy consumption
is from HEP, and that it should have been much higher. Brazil is a
good modern example of a country basing itself firmly on renewable
3
energy sources so that in 1976, 272000m of ethanol produced by ferment­
ation from molasses, a liquid by-product in cane milling, were mixed 
with gasolene to produce gasohol for motor transport. The Brazilian 
Government intends to produce up to 4.08 x 10 m of ethanol annually 
for motor transport by the year 1986. Ethanol was widely used in World 
War II, especially in Germany, for transportation. However, much of 
the industrial alcohol used today is made from natural gas although
it could just as well have been made from virtually any biomass.
Kringstad (1971) has noted that, as a result of the 1973 oil 
crisis, plants utilising acid hydrolysis on wood or other biomass 
have sprung up or been expanded in a number of countries including 
the USA, USSR, Sweden, Finland and the FRG. Chemicals currently obtain­
able from such plants include alcohols, polyols, carboxylic acids, yeast, 
furfural, glucose, phenol derivatives, vanillin etc. The author further 
notes that lignin, from wood or woodlike materials, has an immediate 
future as a raw material in the manufacture of cresols, phenols, 
catechols, vanillin, dispersants, thermostat resins, anti~oxidants and 
emulsion stabilizers. Lignin, produced in large quantities in pulp and 
paper works, is also a source of energy when combusted. Carbon which 
finds so many uses in modern industry, occurs in three allotropic forms 
as diamond, graphite andgmofphouscarbon which is of three types: 
lampblack (soot), carbon black and activated carbon. Each one of these 
amorphous carbons is made from the restricted combustion of either oil 
or gas. Shreve (1967) states that lampblack is made in the USA by the 
restricted combustion of tar oils or petroleum oils; carbon black is 
manufactured from natural gas, liquefied petroleum gas, gasolene or 
fuel oils by one of two processes, the "Channel Process" and the 
"Furnace Process"; while activated carbon is made from any weak structured 
carbonaceotrs^material such as coke, lignite, or petroleum coke. All 
theseSLmo’rgh&UScarbons could be made from suitable lignocellulosics 
by merely investing a little in research methods aimed at identifying 
the best raw materials and the process changes to be made in existing 
processing plants. Shreve further notes that wood distillation
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factories dwindled gradually in the USA with the expansion of coal or 
petroleum based ones, so that by 1960 only about fifty such plants 
were left out of a total of more than one hundred some years earlier.
The trend is now being reversed with more sophisticated technology: 
that in Sweden most alcohol and alcohol derivatives including 
beverages are based on waste liquours from pulp and paper manufacture.
Slesser and Lewis (1979) have calculated that human and animal 
biomass, when treated to render them germ-free, could more than meet 
the energy needs of third world villages given that 300 herd of cattle 
are required to more than meet the energy needs of some 500 villagers. 
Methane, produced by anaerobic digestion of such biomass, can also be 
utilized to produce electricity, so that both cooking and lighting needs 
are met simultaneously. Already biogas generators are becoming common­
place in the third world, with India having over 75,000 of these.
Slesser and Lewis have also noted the significance of the U.S. Purox 
Process. In this process, urban sewage sludge or other biomass is 
processed to produce heavy oils or tar, medium energy gases and water 
to be treated and recycled. This process is also similar to the 
urban sewage sludge treatment centre at Esher, UK, except that at Esher 
no heavy oils or tars are produced. The medium energy gases produced 
are further processed and burned directly or converted into substitute 
natural gas (S.N.G.) The economics of processes such as the Purox 
Process are best assessed using the concept of Net Utilizable Energy 
Produced (NUEP). It has been further noted by the authors 
that there are at least fifty plants in the USA currently operating 
on the Purox Process principle.
Notwithstanding the biomass prospects mentioned above, Lautner 
(1975) has noted that it takes about 65,000 kWh to produce one tonne 
of aluminium, 12000kWh to produce one tonne of rolled steel and only 
1500 kWh to produce one tonne of lumber renewable resource. He 
further notes that wooden houses consume 23% and 30% less energy for 
heating and air conditioning respectively than do masonry ones. That 
renewable energy sources are beginning to receive due interest is shown 
by the fact that the American pulp and paper industry installed
67 new waste-wood fired boilers in 1973 with a combined capacity of
5.1 x 10 lb/hr of steam. Lautner further notes that Garrett Research 
and Development Corporation, a subsidiary of Occidental Petroleum 
Corporation, have shown the importance of renewable energy resources, 
biomass, by developing a simple flexible pyrolytic process for converting 
coal to oil or gas. By this method, almost any organic waste can be 
the feedstock and materials such as municipal refuse, tree bark, rice 
hulls, field wastes, sewage sludge and used tyres have been used to 
produce oil or gas with excellent results. Finney and Sotter (1975) 
have measured the properties of the oils produced by the Garrett 
process and compared them to those of a No. 6 oil. Theyfound 
that the pyrolytic oil compared reasonably with the No. 6 oil, and 
that if the pyrolytic oil had not been exygenated, the properties 
would have compared almost exactly. Finney and Sotter also noted the 
following with regard to the oil; "Combusion Engineers' report states;
"Pilot scale laboratory tests indicate that pyrolytic oil or blends of 
it with No. 6 oil can be successfully burned in a utility boiler with 
a property designed fuels handling and atomization system." The report 
further notes that the ignition stability with the pyrolytic oil and 
with the blends was equal to that obtained with No 6 oil alone. Stack 
emissions when burning pyrolytic oil or blends indicated negligible 
amounts of unburned carbon at excess oxygen levels of over two per 
cent. Finney's and Sotter's and the Combustion Engineers' findings 
emphasise the potential there is in renewable energy sources, including 
biomass wastes like municipal sewage sludge.
Allen (1979), working on the Natic Process, has noted that cellulose 
from biomass can be converted commercially using the cellulase-proJucl«9 mut&nt 
Trichoderma QM 9414, to glucose. A^miger (1979) has also noted that 
single cell protein (SCP) can be produced en masse from pre-treated biomass 
as a food supply if certain technical problems are eliminated. Garrett 
(1979) noted the following with regard to energy recovery from forest 
residuals: "It is felt that there is no technology currently available
that would allow an economical recovery of energy from most forest residues, 
but there is a potential for such recovery from a correctly designed 
and engineered process. The plant capital for the operation is modest, 
and the value of the fuel attractive".
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Buchholz (1981) has investigated the steaming process of wood and 
crop residues, and noted that the treatment gives high yields of water- 
soluble xylans and xyloses, as well as good accessibility of cellulose 
for microbial and enzymatic attack. Enzymatic hydrolysis of the resulting 
residues yields product solutions of high glucose concentrations.
Biomass also finds its way into the plastics industry. Shreve 
defines plastics as materials containing essentially polymerised 
organic substances of large molecular weight, which are solid in the 
finished state, but at some stage in manufacture or processing into 
finished goods, can be shaped by flow. Raw materials for plastics 
include petroleum, coal, gas, air, salt, water, wood and cotton so that 
the last two materials are again renewable and could be developed to 
replace the fossil fuels in che list. It is common knowledge that the 
technology exists for converting coal into syncrude as at SASOL I and II 
in South Africa. A lot of work has been carried out to try to replace . 
the feedstock, coal, with cellulose in processes similar to SASOL, and 
the results are encouraging. Diebold (1980) notes that the technology 
for the conversion of organic wastes and biomass by a non-catalytic 
thermal process into syncrude exists, and that what hinders its 
application now is that it is not yet competitive.
Appell (1975), under the auspices of the U.S. Bureau of Mines, 
studied the conversion of a variety of cellulosic biomass including 
sawdust, bovine manure, sewage sludge, and urban refuse to heavy oils.
The test reactions took place in the presence of synthesis gas and water 
or carbon monoxide and water under conditions of elevated temperatures 
and pressures. Waste conversions above 90%, often 99%, with heavy oil 
yields in the range 40 to 60% were obtained in the temperature range 
250° - 425°C and pressures of 1500 to 4000 psig. Appell and Tosh 
(1970), working with similar materials have patented (1973) an invention 
with regard to conversion of municipal sewage sludge, urban refuse 
and other wastes into heavy oil or bitumen by heating under pressure, 
in the presence of carbon monoxide and water, and in the absence of 
air.
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This sub-section has helped to highlight only a very small portion 
of the promises biomass have for us. Processes like pulp and paper, 
tanneries, etc. - depend on biomass and have long been established.
It has also emphasised that virtually all the products and services 
mankind now gets from fossil fuels can be obtained from biomass, given 
good planning, investment and research. The other renewable energy 
sources,sub-section 1.1.1., have not been cited here because they are 
outside the scope of this work. The sub-section has also further served 
to show the scope and range of services potentially obtainable from 
biomass,viz* from bitumen for our roads toiyncrude for our energy needs,, 
and from glucose to SCP for our food needs. The main remaining obstacle 
is the will on the part of governments to invest and research further 
into these very promising fields. These promises which biomass has 
for us, and particularly for the third world, are best summarised 
with a quote from "Tropical Biomass Systems" by Norman Myers who 
observed-t-hat-, "A US-AID supported research project in Ghana indicates 
what may prove feasible. A 40,000 hectare plantation of fast-growing 
trees could produce energy equivalent to 500,000 tons of coal per year 
(together with food crops interplanted among the trees - around 60,000 
tons of peanuts and 54,000 tons of corn). A capital-intensive plantation 
of the same size, but with sophisticated facilities could produce 50,000 
tons of methanol, 20,000 tons of pyrolytic oil, 150,000 tons of NH^ 
fertilizer, 17,000 tones char5and 80,000 kWh of electricity per year 
(together with 60,000 tons of peanuts and 50,000 tons of corn)," as 
worked out by Chiang et al (1976). All the biomass promises highlighted 
here, however, can only be realised if biomass data availability is 
similarly reviewed. It is therefore the purpose of section 1.2 to show 
that there is enough biomass worldwide to meet these promises, and that 
not only is the available biomass renewable, but it is also convertible 
into myriads of products much like fossil fuels. All these aspects 
are therefore reviewed in 1.2. under the more specific title of 
lignocellulosics for purposes of brevity, clarity and specificity.
1.2. Importance of Lignocellulosics
1.2.1. Universal Availability
The most important aspect of lignocellulosics as a renewable
energy source is their universal availability. Every country on 
Earth produces millions of tons of lignocellulosics annually as a
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result of leftovers after crop-harvesting, forest harvesting and 
industrial processing. The amount of materials from these activities 
used for energy production is so small as to be comparable to a 
sand dune in the desert. Yet in spite of the spiralling energy prices 
and the depletion of fossil fuels, much of the lignocellulosics ends 
up being wasted or purposely thrown away. Many authors have pointed 
out the enormous intrinsic energy potential of these materials, and 
it is only now that some governments are starting to look into these 
possibilities, albeit on a very small scale. Some countries, particularly 
in the third world, could, with proper planning, obtain all their energy 
needs, and for a long time to come, only from lignocellulosics. The 
authenticity and ramifications of these observations on a worldwide scale 
is best explained by noting the quantities produced annually. It 
is therefore the theme of this sub-section to highlight the quantities 
of lignocellulosics produced worldwide so that the promises which 
biomass, particularly lignocellulosics, hold for us as a renewable 
energy resource are seen in their true perspective.
Stockman has noted that 22% of the world's land area (13 billion 
hectares) is closed forest, of which only about 40% has been properly 
investigated, while 8% of it is woodland. At the present rate of 
consumption of wood, the world's forest area is decreasing by about 5-10% 
to the year AD 2000, but good forest management in the developed countries, 
together with the planting of fast-growing trees in the tropics and 
sub-tropics, will be enough to contain the decrease. Stockman further 
notes that many countries have re-afforestation projects, so that good 
forest management could ensure a sufficient supply of wood for the whole 
world. Many authors have also found that, for every tree felled, 
more than half of it is left in the forest as waste (branches, 
leaves and roots) while, of the logs taken away, a substantial amount 
is made waste again as sawdust, bark,chippings etc., in the industrial 
processing that follows. Lumber wastes usually end up in non-energy 
uses such as paper, fibre and particle-board making. However, 
lignocellulosics which are thrown away unused are the farm residues.
Stockman has also observed that cultivation worldwide covers 950 
million hectares of which 74% is devoted to cereals while 3.9 billion 
hectares is used for grazing. Following the authors calculations, one
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tonne of dry matter is available for every tonne of harvested grain 
so that in 1970 some 1050 million tonnes of residue from cereals alone 
was produced. Although an amount has to be left on the ground for mulching 
and re-fertilization, most of this waste could be removed and processed 
into energy without much harm to the soil. Assuming an approximate 
calorific value of 17 MJkg’*, as for bagasse in section 1.3., for the 
farm residue, then annual potential energy of these residues alone 
is 17,850,000 x 10 MJ per year; and this is equivalent to 630 million 
tonnes of bituminous coal (1 tonne residue = 0.6 tonnes coal) or 
about 30% of the 1975 world coal production. It is worth noting that 
the total biomass formed by photosynthesis every year is about 2 x 10** 
tonnes = 20 x (coal + oil + gas output) so that if vegetation were 
properly managed and harvested, only about 5% of it would be needed for 
meeting our energy needs worldwide in replacing fossil fuels.
Slesser and Lewis have indicated that computer-generated
models show that annual world dry matter production is 1.0 x 10**-
1.25 x 10** tonnes on land and 4.4 x 10*° - 5.5 x 10*^ tonnes on
9the oceans; while straw alone amounts to 10 tonnes per annum and
g
compares favourably with 1.05 x 10 tonnes estimated by Stockman.
Slesser and Lewis also indicate the amounts of some of the collectable 
lignocellulosics in tonnes per hectare per year as follows: bagasse
5.0 - 12.4; wheat straw 2.2 - 3.0; rice straw 1.4 - 2..C; oat straw 1.4 - 
1.5; sisal 1.5 - 6.2; reeds 5.0 - 9.9; bamboo 1.5 - 2.0; and cotton 0.32 - 
0.97. Lautner (1975) estimates that for each tree felled, the actual 
saleable timber obtainable is only 25% of the above-ground tree, so that 
enormous amounts of waste, utilizable for energy and other purposes, 
is still available.
Tillman (1978) gives a reminder that England in the 18th century
and the USA in the 19th century both used charcoal for ironmaking and
automative power before the advent of coal and later petroleum. This
means that 'energy-from-wood technology' is well developed and is
there for developing countries to acquire if they have enough woodland.
The author further notes that even today some 800,000 houses in the USA
15~are still heated with wood, which produced some 10 Btu of power in 
1981. This energy is equivalent to 6.25 x 10^ tons of oven-dried 
wood (o.d.) or equivalent to 1.724 x 10^ barrels of oil, an amount
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much larger than the total energy some individual developing countries 
use annually. Quite a large number of industries in developed countries 
still use wood for their industrial energy needs, as for instance, 
in copper smelting works in Michigan, U.S.A. This is evidently an 
example developing countries should copy. Similar observations on wood 
use for industrial energy needs in developed countries have also been 
aired by Bungay and Ward (1981).
This sub-section has shown that more than 30% of the world's 
land area is still covered with forests and woodlands, and that the 
amount of biota which grows on Earth as a result of photosynthesis 
each year has an energy potential greater than twenty times the energy 
derived from fossil fuels used on Earth each year. The amount of 
lignocellulosics resulting from harvesting of cereals worldwide has 
also been shown to be enormous. If waste lands - deserts, swamps, and 
eroded hillsides - were replanted, the total energy potential resulting 
from all biota would be more than we will ever need. While this sub­
section has shown that lignocellulosics are in abundance worldwide, 
it is also indispensable that a correlation between their availability 
and their renewability be shown to exist. It is therefore the theme 
of 1.2.2. to show that these lignocellulosics are renewable, and that 
certain techniques are already being developed to enhance their 
renewability.
1.2.2. Renewability
All life on Earth depends on the sun's radiant energy and this is 
true for both plants and animals. The plants are responsible for the 
large amount of lignocellulosics cited in 1.2.1., and they have the 
power to regenerate, through the process of photosynthesis, in the 
presence of carbon dioxide, water, and minerals which are inexhaustible 
in a properly managed and least destructively disturbed ecosystem. The
lignocellulosics which are derived from these plants are therefore 
also inexhaustible, and their annual tonnage production can be 
increased by plantation acreage enlargement and by employing horticultural 
techniques which can produce fast growing plants to replace slow 
growing ones. Several authors have indicated the possibility of growing 
energy crops or biomass farms which would be both fast growing, less 
susceptible to diseases, and mature in a short enough time so as to 
make the whole venture both competitive, economically viable and
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proficable.
Slesser and Lewis have indicated that some plants of the rubber 
family produce petroleum-like molecules of molecular weight of the 
order of 10,000 - 50,000 (cf 100,000 - 10^ for rubber). Notable 
among these plants are Euphorbia lathyrus, a bush common in North 
California, and Euphorbia tirucalli. a larger tree found in Brazil.
The importance of these renewable plants is that, upon establishing an 
appropriate technology, their molecules could be broken down into simple 
hydrocarbons which could then be used directly as substitute petroleum. 
Stockman indicates that, by applying plantation technology, fast 
growing trees can be grown and harvested at regular intervals. Certain 
tree species, notably a eucalyptus variety, can reach 25m high and 
over 25chiin diameter after only 8 years; yet a certain pine species,
3
Pinus caribaea, reaches 30m after only 12 years,yielding as much as 300m 
of saleable wood per year. The same author further notes that some species 
already tried in the tropics are so fast growing that a 50,000 hectare
c o
(cf 26 square miles) plantation can easily yield 10 m of saleable wood 
per year, a figure which could only be achieved by utilizing ten times 
the area of virgin forests*FA0, (1974); Johnson (1976). Other fast 
growing species include the ipilipil (leucaena) which can grow to 
about 4m high in only 4 months and over 15m in 6 years; yielding
3
35-50m per year of saleable wood.
Bungay and Ward have investigated the yields of certain grasses, 
including cereals, and have found the yields in metric tons/ha/year 
of some of them to be as follows: rye grass 23; sorghum 16, maize 26; 
wheat 30; sea weeds 33; alfalfa 33; rice 22 and sugarcaae 64. Clarke 
(1979) notes that sugarcane is one of the most efficient utilizers of 
radiant energy, utilizing as much as 2% of the total energy falling on 
it. Most plants utilize less than this, and some authors fix the 
upper limit of utilizable radiant energy at about 5% of the total falling 
on any plant. The more energy a plant utilizes, the faster it will grow, 
so that research is underway in various parts of the world to try to 
develop hybrid plants which are also maximum utilizers of radiant 
energy. Any major break throughs in this direction would not only 
enhance the attractiveness of lignocellulosic-derived energy sources
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but would also be a step further in solving the world's food problems.
This sub-section has helped to show that lignocellulosics are not 
only renewable, but that methods are currently underway that are geared 
towards making them more abundant and more easily renewable. However, 
availability and renewability of lignocellulosics cannot be sufficient 
reasons for using them as reliable energy sources since they must also 
meet the convertibility requirement. It is therefore the purpose of 
sub-section 1.2.3. to show that these lignocellulosics can be converted 
into energy as well as into myriads of other products in much the 
same way that fossil fuels are today.
1.2.3. Utilizability and Convertibility
It has already been noted in sub-section 1.2.1. and 1.2.2. that 
lignocellulosics are universally and abundantly available, and that they 
are also renewable. The other major characteristic which is common to 
lignocellulosics in particular and biomass in general is their utilizability 
and their convertibility. Unlike the other major renewable energy 
sources, biomass, and particularly lignocellulosics, can be used for 
many different purposes from making animal and human feed to making 
brickware and carpentryware. They can also be used for generating 
energy as well as in the manufacture of chemicals. These properties 
of utilizability a n d  convertibility make them not only very different 
from the other renewable energy sources, but also give them a preferential 
edge over the others when distribution and convertibility have to be 
taken into consideration.
Nguyen, Venkatesh and Grazyl (1981) and many others, have 
investigated several organosolv systems in order to determine their 
ability to remove lignin from l i g n o c e l i u  losics with minimum degradation 
to the carbohydrate part. The carbohydrate portion is important 
in the manufacture of related chemicals such as alcohols, acids, 
furfural etc. Using a GEMS computer system to simulate the chemical 
pathways to be followed in converting wood/wood waste to chemicals, 
the three authors were able to arrive at an intergrated organosolv 
based wood chemical plant of the form briefly described here in stages.
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The main stages in this process are: steam and power generation stage; 
the wood/wood waste preparation stage; the prehydrolysis stage for 
hemicellulose removal; the acid-catalysed organosolv treatment stage 
for delignification (lignin extraction); the mild acid hydrolysis stage 
to convert cellulose to glucose; the fermentation stage followed by 
ethanol distillation; and the recovery stage for furfural and acetic 
acid. Furfural is a material base for the manufacture of many other 
chemicals, and so too, is acetic acid, so that a plant of the type 
described here can be the basis for a very complex chemical works.
Henglejn (1961) notes that the carbonization of wood (wood coking) 
by drying first to 15-20% moisture and then heating slowly at 350°C 
until the reaction becomes exothermic, usually at about 275°C, produces 
charcoal, wood tar, acetic acid plus other condensibles and many other 
products. Depending on the methods of processing, very many chemicals 
can be obtained directly from wood wastes. The diagram, Figure 1, after 
Shreve, shows what may be possible when a woodwaste processing plant 
is set up next to a lumbering area close to a forest resource where the 
wastes are immediately and cheaply available. The list of chemicals 
which can be obtained from wood is enormous, yet any woodlike ligno­
cellulosic can, to a very large extent, replace wood in many of the 
processes so that wood is used for the more traditional trades like 
carpentry where it cannot be replaced.
The early work of Fischer and Shrader which demonstrated the 
effectiveness of solubilizing brown coal using carbon monoxide has 
been reinvestigated at the Pittsburg Energy Research Centre. Appell 
(1975), working at the Centre, has shown that the chemistry of the process 
can be applied with success to carbohydrates. Using wood waste as the 
basis, and hydrogenating it with carbon monoxide, Appell was able to 
obtain a viscous heavy oil which could be classified as a bitumen.
The working temperatures were 250° - 400°C while the operating 
medium was alkaline. Materials which were able to undergo the 
investigations successfully included glucose, lactose, sucrose, 
cornstalks, leaves, newsprint, hard and soft sawdust, bark, pine 
needles and twigs, bovine manure and sewage sludge.
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Shafizadeh (1979) has indicated that a relatively low 
temperature pyrolysis system has been developed from research 
carried out at the Engineering Experimental Station of the 
Georgia Institute of Technology. Tech Air Coporation has 
virtually commercialised the Georgia Tech Process and now (1984) 
it runs a 50 ton/day unit at Cordele, Georgia, which pyroyses 
sawdust, bark and partially decomposed bark into gas, liquid and 
solid fuel, with flexibility for maximising any of the products.
The energy value of the process products are 11,000 - 13,500 Btu/lb 
(char); 10,000 - 13,000 Btu/lb (oil); and 200 Btu/ft3 (gas).
Shafizadeh further indicates that the Georgia Technology Institute 
has also developed a mobile unit for pyrolysing agricultrual and 
silvicultural residues. The unit operates on the same basic 
principles as the Tech Air System.
Soltes et al (1981) indicate that, during the pyrolysis of 
lignocellulosics, reaction conditions can be selected so that tars can 
be recovered. . They further note the argument that the fundamental 
virtue of lignopyrolysis lies in its use as a tarification process 
and that the key to commerical implementation is in the indentification 
of economically competitive technology for the production of higher- 
valued, upgraded tar products. Avenues to high yield of tar from 
lignocellulosics, the composition of such tars, and progress in the 
derivation of adhesives and internal combustion engine fuels have also 
been investigated, with good results, by the authors.
The renewed interest in lignocellulosics as a renewable fuel 
source has been heightened by both governments and international 
agencies. Tatom et al (1977), working for the U.S. - Agency for 
International Development, carried out a feasibility study on the 
pyrolytic conversion of agricultural and forestry wastes into alternate 
fuel sources in Indonesia. Their study included an evaluation of the
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market for the pyrolysis products, design and development of a 
preliminary pyrolytic conversion system, and an appropriate economic 
evaluation of the system. Their results indicate at least 17 million 
tons of lignocellulosic wastes are produced in Indonesia each year, 
with rice hulls comprising one-third of the total while sawmill wastes, 
coconut, logging, rubber, oil palms, and bagasse comprise the remainder. 
These wastes could produce 1.5 x 10 tons of charcoal and o>9 x 10 tons 
of pyrolytic oil whose total energy value was 15% of Indonesia's 1974 
energy consumption. Their design study produced three different 
appropriate technology one-ton-per-day systems using rice hulls as the 
feedstock and for use at typical rice mills. The systems included a 
three-shift-per-day design with driers; without a drier; and a larger 
single shift design without a drier. These systems were found to be 
fabricatable in Indonesia and were assumed to operate for 150 days 
per annum. All the systems appeared economically viable, having a return 
on investment estimated at 16%, 15.7% and 18.5% respectively. Total
c
capital investment was found to be 1.4, 1.0 and 1.25 x 10 rupiahs 
(1 US$ = 414 rupiahs in 1976). This Indonesian study helps to 
highlight further what other countries, particularly the developing 
ones, can expect from utilizing their wastes to produce energy if 
they develop the political will and allocate the finances needed for 
research and development.
This sub-section has helped to indicate that both energy 
and chemicals can be obtained from lignocellulosics. The process 
pathways by which the conversion of lignocellulosics into energy or 
chemicals can be achieved may be summarised as pyrolysis, chemical 
degradation, oxygenolysis, hydrolysis, steaming, extraction, 
fermentation, digestion and direct combustion. Each one of these 
process pathways may broadly be grouped under Biochemical or Thermoch­
emical Conversion Technology since either microbes or heat are used to 
bring about the desired conversions in the lignocellulosics. Combustion 
is an age-old technology which can occur so long as oxygen and a 
fuel (in this case a lignocellulosic) are present. A typical ligno­
cellulosic.material which is produced industrially in abundance is 
sugarcane bagasse which is usually combusted at sugar mills in order 
to provide heat for raising process steam, power generation and other 
uses. As stated in 1.1.1., the main experimental work in this thesis 
was concerned with combustion of bagasse. The relevant chemical and
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physical properties of bagasse will therefore be examined to show the 
characteristics of a typical lignocellulosic waste, and to specify 
the properties which will be used later on in the thesis.
1.3. Physical and Chemical Properties of the Fuel (Bagasse)
1.3.1. Physical Properties of Bagasse
Sugarcane bagasse is the fibrous material left over after the 
sugarcane stalk has been crushed to remove the juice which is essentially 
sucrose and water. Dry bagasse consists of a coarse fibrous part 
usually deriving from the bark, and a fine part usually deriving from 
the pith. When dry, much of the crushed pithy part becomes so fine 
that over 1% of it will go through a No. 270 (5^n diameter) standard 
sieve. When dry and left uncovered for some time, bagasse has a brown 
to grey colour which deteriorates to cotnpUfelybrown as a result of the 
combined action of microbial digestion and exposure to air. Preliminary 
experiments by the present author showed the bulk density of dry bagasse 
to be about 80 kgm , a figure identical to that obtained by Peel and 
Santos (19-80). jhe Encyclopaedia of Chemical Technology shows that the 
bagasse fibre is similar to cotton and wood fibre, measuring typically
1.0 - 4.0 mm in length and 0.01 - 0.04mm in width. When storing 
bagasse for long periods, special precautions have to be taken to 
protect it from the environment as well as ensuring that no heat 
accumulation occurs in the pile. The present author also investigated 
the behaviour of bagasse when sieved and when placed in an air stream.
The results of these investigations have a bearing on the maximum air 
flows permissible through a boiler-furnace since blowing too much air 
through the furnace may blow out the bagasse fuel itself. The results 
of these findings are discussed in greater detail in chapter 3. More 
detailed physical properties, as well as chemical ones, can be found 
in Paturau (1982).
1.3.2. Basic Stoichiometry of Bagasse
1.3.2.1. Basic Composition
The basic composition of bagasse is similar to that of any 
cellulosic material which always contains as its main components; 
hydrogen, oxygen and carbon; all of which can be represented by an
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approximate formula of the form CxHyOz. Clarke gives the following 
typical composition for sugarcane bagasse.
Composition % Dry Weight Basis
Cellulose 42-58
-Cellulose 26-38
Hemicellulose 22-31
(pentosans)
Lignin 13-22
Ash 1-3
The composition shown here varies widely with place of origin of the 
bagasse as well as with the nature and composition of the soil from 
which the sugarcane was grown, Clarke (1978); Paturau.
1.3.2.2. Proximate Analysis
The proximate analysis of Belize-derived sugarcane bagasse pith carried 
out by the present author using Coal Board Standard Procedures for coal 
was as follows:
Component %
Moisture 6.10 wwb
Volatiles 82.64 dwb
Char 7.72 dwb
Ash 9.64 dwb
where the 'char' was the carboneceous material, mixed with ash , left over 
after all the volati&es had been driven out. v
like the basic composition of bagasse, the ash content varies widely 
with place and nature of the soil, with the pith part yielding more 
ash than the bark, Magasiner; Atchison.
1.3.2.3. Ultimate Analysis
The following is the ultimate analysis of Tanzanian - derived 
bagasse as carried out by the present author with the help of the 
Chemistry Department of Surrey University using Infrared Spectra.
Element: C H Q
% Wt. (daf): 47.56 7.06 45.38
where'daf'means on a dry ash-free basis viz. neither ash nor moisture 
feature in the above percentages.
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The above analysis compares with the data by Kelly (1937) and Paturau 
as shown below:
By Kelly; Element
(Australia) % Wt. (daf)
By Paturau; Element
(Mauritius) % Wt. (daf)
C
49.59
C
47.88
H
6.20
H
6.06
0
44.21
0
46.06
As shown above, the ultimate analysis of bagasse depends on place and 
type of soil on which it is grown.
1-3.2.4. Bagasse Combustion Equation
It has been stated by Paturau that the principal constituents 
of dry bagasse are cellulose, pentosans, and lignin, and may be 
approximated by the formula Ci6H25^11* Kelly's ultimate analysis 
gives the formula Cjgl^OjQ 7 , while the present author's ultimate 
analysis of Tanzanian derived bagasse gives the formula as g O ^
Using the present author's formula gives a bagasse combustion equation 
of the form:
C16H28 5^1 5 + 17.37502 16C02 + 14.25H20. (1)
This equation gives a stoichiometric air/fuel ratio of 5.94 viz.
5.94 kg air for one kg fuel at stoichiometric combustion. This ratio 
compares with about 6.7 which is obtained using Kelly's approximate 
formula.
1.3.3. Moisture Content in Bagasse
1.3.3.1. Physical Moisture Content
The proximate analysis carried out by the present author,
1.3.2.2., shows the bagasse moisture content to be 6.10%. This 
moisture is not chemically bonded to the bagasse, and is therefore 
physical. Depending on circumstances, the physical moisture can vary 
from zero to over 50% by weight of the bagasse. Atchison, Silverio
(1983), Walker (1981) and ITIS (1983) have noted the moisture content 
of ex-mill bagasse to vary from 45% to just over 50% by weight.
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Paturau fixes the moisture range at 43 to 52%. It is this moisture 
which is responsible for poor thermal efficiencies in sugar mills, and 
is also responsible for the release of much less energy from bagasse 
combustion compared to its calorific value. The loss in calorific 
value of bagasse containing a fraction, me, by weight of moisture on 
a wet weight basis (wwb) can be estimated by the relation:
CVw (gross) = CV(d) (gross) (1-mc) at 25°C, ash free (2)
where
CVw (gross) is the lowered gross calorific value of the fuel as a 
result of containing a fraction, me, of moisture per unit mass of 
wet fuel; and
CVd(gross) is the gross calorific value of the fuel containing 
no moisif^e at all viz. bone dry.
The loss in net calorific value is therefore given by:
CVw(net) = CVw (gross) - Q(l-mc) at 25°C, ash free (3)
where
Q = ml/ + roCps (T-25) and
m = weight of moisture (water) formed by combustion of unit mass 
of dry fuel at 25°C.
Cps = specific heat capacity of steam in the range 25°C to T°C.
L7 = latent heat of vapourisation of water at 25°C.
and
T = temperature of exiting hot ^ases in °C, while the definition of CVw (net) 
is explained further on page 45a.
It is convenient to express CV (net) in terms of CVd (gross) which
W
is the one usually determined by experiment, and this gives:
CVw (net) = CVd (gross) (1-mc) - Q(l-mc)
= CVd(gross)(l-mc) - mEl/ + Cpr (T-25)] (1-mc) (4)
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where,
CVw(net) is the lowered net calorific value of the fuel as a 
result of containing a fraction, me, of moisture per unit mass of 
wet fuel.
In the absence of moisture, me = 0 in equation 4, and the net 
calorific value of the fuel, on a dry, ash-free basis, is then given 
by:
CVd (net) = CVd (gross )-[Ly + Cp (T-25)]»* (5)
A further examination of the combustion equation, equation (1), 
shows that just under one-third of the mass of the combustion products 
are water. This water is formed in the gaseous state and it therefore 
absorbs latent heat from the heat of combustion of bagasse, thereby 
lowering the overall temperature of the hot gases. In this way, only 
the lower, net, calorific value of the bagasse fuel is released.
Furthermore, the physical moisture reduces the available heat release 
still further, because it enters in the liquid state but leaves as a 
vapour in the exit gases, thus absorbing its latent heat of evaporation.
The larger, gross calorific value is released when the water from combustion 
is formed in the liquid state at some reference temperature, usually 
25°C. Consequently, calorific value calculations are appropriately based 
on the net C.V. The Qfw (net), which is often encountered .with wet 
fuels as in this work, is related to the CVd(net) by :
... i
CVw(net) = CVd(net)(1-mc) (6)
as worked out in Appendix Al. The symbols in equation (6) have the 
same meaning as before, while the subscripts V  and ‘d 1 in equations 
(2) to (6) refer to the "wet" and "dry" states of the fuel.
1.3.3.2. Calorific Value of Bagasse
The magnitude of the calorific value of bagasse is strongly 
influenced by the ash content of the bagasse, while the ash content 
itself is dependent on place and type of soil. Atchison found that 
bagasse pith, which also contains a higher ash content, has a lower 
calorific value than the whole bagasse which has less ash. Clarke
25.
(1981) has also noted similar results. Expressed on an ash-free basis. 
Clarke*Magasiner, and Atchison have found bagasse pith to have the same 
calorific value as whole bagasse. Using a bomb calorimeter, the present 
author determined the net calorific value of Belize-derived bagasse 
to be 17.30 MJkg“* on a d.a.f. basis. Similar determinations on an 
Indian pith bagasse gave a value slightly lower than 17.30MJkg“*. Tests 
over the years have shown bagasse to have a net calorific value ranging 
from 15.80 to 18.50 MJkg'^on a dry, ash free basis, as noted by Atchison, 
The table below shows the calorific values for bagasse, on a d.a.f. 
basis, as obtained by various authors at 25°C.
Author CV(gross)MJkg“* CV(net)MJkg~*
Magasiner 19.080 15.300
Paturau 19.580 16.066
Atchison 19.580 18.648
Present Author 18.944 17.300
mean: 19.269 16.829
Paturau and Masaginer indicate that several formulae exist for 
estimating the calorific values for bagasse on ash-free, wet weight 
bases. The better known of these formulae are those by Van der Horst 
of Java and Hessey of Australia.
(a) Van der Horst:-
Gross CV (wet) : 19037 - 42S - 190.4W KJkg~* ash free"
Net CV (wet) : 17791 - 42S - 200.8W KJkg"1 ash free
(b) Hessey:-
Gross CV (wet) : 19397 - 51.5S - 194.4W KJkg“* ash free
Net CV (wet) : 18092 - 51.5S - 205.2W KJkg"^ ash free
In both formulae:
W is the moisture in bagasse expressed as a percentage 
S is the soluble solids (mainly sugars) expressed as a percentage 
If the CV equations in 1.3.3.1. are reconsidered in the form: 
Gross CV(wet) = CV(dry)(gross) - me CVdry (gross) from eq. (2)
= constant - constant x moisture fraction 
= (K) - (K) x me = (K) - (J)
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Net CV (wet) = CVdry(gross) - mcCVdry (gross) - Q + mcQ from eq (4)
= constant - me x constant - constant + me x constant 
= (K) - (K) x me - Q + me x Q
= (K) - (J7) where j' = J - Q (me - 1)
so that:
Gross CV(wet) = K - J KJKg'1 j whepe y  >0
Net CV (wet) = K - J/ KJKg_i )
The above two expressions are similar to Van der Horst's and 
Hessey‘s equations since they can each be written in the form above 
as:
Gross CV (wet) = constant - J" where J" denotes the sugar and moisture 
variables. It is worth noting, therefore, that the numerical constants 
in their equations are actually the CVs expressed on a dry ash-free 
basis as in the present author's case.
A further notation is that each of the formulae, including the 
present author's, shows that the moisture content has a diminishing 
effect on the magnitude of the CVs. The main difference between the 
present author's formulae for CVs and those of Hessey and Horst is 
that the former's formulae do not take into account the effect of 
sugars in the bagasse on the CVs. This is because the effect of sugars 
on CV can only be determined experimentally, and no such determinations 
were done in this work. However, as it can be seen on Hessey's and 
Horst's formulae, the effects of sugar on CV are small compared with 
the moisture effects; because the sugar content is typically 6% while 
the moisture content can be as high as 50%.
1*3.4. The Overall Economic Importance of Bagasse
The advent of cane-sugar manufacture in about 1850 required for 
its success, a cheap and easily, available source of energy. This, source
of energy turned out to be the sugarcane bagasse itself, so that the 
most important use of bagasse today is in its combustion to provide 
heat for raising process steam. Atchison indicates that, for an 
efficient bagasse - fired boiler, up to 20% of the bagasse should be 
available as surplus so that this surplus can be used for generating 
electricity or sold to the pulp and paper mills since bagasse is a 
raw material for the manufacture of high quality paper. If waste heat,
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as well as the sugarcane leaves and tops were combusted in addition to 
bagasse, in an efficient boiler, enough bagasse would be available for 
producing electricity for running the mills, as well as having surplus 
bagasse to be sold off to the pulp and paper manufacturers. Paturau 
indicates that, on average 47.7% of the dry cane stalk is fibre so that 
enormous amounts of bagasse are available if the leaves and the tops 
are also used.
Apart from being the source of energy for raising process steam, 
power generation and as raw material for the pulp and paper industry, 
there are many other uses for bagasse. Paturau indicates 
that bagasse can be used for making briquettes and bagasse charcoal, 
as well as methane, producer gas and methanol. The fibrous material 
after depithing, is used for making paper board, box board, corrugated 
board, fibre-board, and particle board. The same author further indicates 
that fermentation industries use bagasse as the feedstock in the production 
of vinegar and acetic acid, butanol, lactic and citric acids, glycerol 
and yeast. He further indicates that bagasse ash resulting from sugar 
mills could be a source of glass-making material if the phosphorus content 
is slightly reduced, otherwise the ash, because of its phosphorus and 
potassium contents, is used as a fertilizer. Clarke notes that 
bagasse, apart from Paturau's indications, can be used for cattle 
feed manufacture, as SCP source, as raw material for xylitol, and as 
raw material - especially the lignin part of pith - for thermosetting 
plastics. The ^-cellulose portion of bagasse has also been used as 
a source of dissolving pulp for the rayon industry while bagasse in 
part or whole has also been proposed by the same author as a possible 
drying agent for ethanol that might also be produced from it.
The list of actual and potential uses for bagasse is by no means 
exhaustive, thus bagasse is a very important lignocellulosic waste 
whose-uses..continue to increase. A new area of study called 
Q'Sucrometry'/Is being investigated with vigour and once firmly 
established, more sugar mills have to be established to meet the renewed 
demand and with it more bagasse availability so that huge sugarcane- 
based complex industries might one day dominate the tropical 
landscapes. From such complexes will come sugar, electricity, paper, 
animal feed,proteins, glass, fertilizers, gas, charcoal, beers and 
spirits, ethanol and methanol for automotive use, and a huge new 
range of organic chemicals based on sucrometry, and, of course 
masonry and carpentryware for our houses. Yet the single raw material
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for this complex industry is sugarcane, which, with proper husbandry, 
could be made to grow and mature in a very short time, say 6 months, 
instead of the two years it normally takes.
This sub-section has helped to highlight the characteristic 
energy potentials of bagasse, and hence why bagasse was chosen for 
further study under combustion. Chapter two details the equipment and 
the methods used in investigating the combustion of bagasse with a view 
to maximising the bagasse-fired-boiler .efficiency using physical 
methods. As shown in the last part of chapter four, bagasse is only 
one of many industrially produced lignocellulosics which can otherwise 
also be used for energy production.
2. EXPERIMENTAL EQUIPMENT AND PROCEDURE
2.1. Introduction
2.1.1 • Efficiency in Sugar Mill Boilers
It was noted in the preceding chapter that bagasse-fired sugar 
mill boilers are inefficient and that, for a .whole-bagasse fired boiler, 
up to 20% of the mill-produced bagasse could be made available as surplus 
under efficient operation conditions. The advent of pulp and paper 
masking from the depithed bagasse in the early 1930's necessitated 
the firing of sugar mill boilers with bagasse pith, returned from the 
pulp and paper mills, in combination with whole bagasse and a fossil 
fuel such as fuel oil or coal. The high quality paper which was made 
from depithed bagasse sparked off an expansion of the bagasse-based 
paper industry so that more and more bagasse from the sugar mills 
had to be depithed for the purpose. The increased demand for bagasse- 
based paper led the sugar mills to fire their boilers with more and more 
bagasse pith in combination with fuel oil or coal.
The firing of sugar mill boilers with pith or a fossil fuel alone 
did not matter much in the early days since fossil fuel, and particularly 
fuel oil, were still comparatively cheap. Since then, however, the 
cost of fossil fuels, and especially fuel oil, has risen very sharply, 
culminating in the very high fossil fuel prices we have today. These 
sharp price rises made many fuel oil dependent sugar factories 
uneconomic, and this led to the sugar boilers manufacturer's attempts 
to make better and more efficient boilers aimed at minimizing their 
operational costs. These attempts were only very slightly helpful, 
since the key to the economic operation of these mills lay in research 
aimed at improving their overall efficiencies in combusting the bagasse 
fuel as well as in raising process steam.
Two areas of research exist aimed at enhancing higher boiler 
efficiencies and thus lower their operating costs as well as the retail 
prices of their sugar produce. The first area involves investigating 
the geometrical configurations of the boilers so as to establish the 
most efficient configurations. The second area involves investigating 
the physical factors which could enhance the boilers' efficiencies.
Most boilers today, and especially those in the third world, burn whole 
bagasse, and the present author conveniently made the physical factors his
30.
main research objective since any breakthrough in this area would 
require little, if any, expenditure of hard currency in accommodating 
the findings into existing boiler systesmfr* These physical factors 
have already been mentioned in chapter 1.1.1., and they were investigated 
using a prototype Ward Cell Furnace System. It is therefore the aim 
of sub-section 2.1.2. to highlight the main features of this system, 
as well as distinguishing it from other furnace systems.
2.1.2. The Ward Cel 1-Features and Distinction from other systems
In this work, a distinction is made between a boiler and a furnace. 
Colloquially, a boiler is a steam generating unit which consists of 
the furnace in which fuel is burned to produce heat, and the actual 
boiler itself in which water is heated into steam. The Ward Cell 
described here, together with the other systems, refers specifically 
to the furnace since the actual boiler can have any shape or size provided 
that it permits sufficient heat transfer to the boiler water.
Furnaces for burning pith, pith with bagasse and/or fossil fuel 
or whole bagasse alone may be divided into four types:
(i) Pile Burning and Inclined Hearth Furnaces
(ii) Spreader Stoker Firing Furnaces
(iii) Suspension Burning Furnaces, and
(iv) Fluid Bed Burning Furnaces.
A visit to a modern sugar factory will inevitably show a different 
name for its furnace from the ones given above, but it will have been 
constructed along the lines of one of the four types given above. The 
Ward Cell Furnace System belongs to group (1), and it has the following 
features:
It is similar to the Detrick Dennis Cell Furnace system, described 
briefly later, and both represent an advance over the Dutch Oven Type 
which is also briefly described later.
It has a sloping arch refractory wall which reflects heat back into 
the furnace, thus aiding the drying of moist bagasse entering.
The bagasse fuel is gravity fed into the furnace where it burns 
inwards from the surface of the pile.
Combustion air is introduced via primary tuyeres situated 
concentrically around the bottom of the pile and moulded into the 
furnace walls.
Any incomplete combustion occurring in the furnace is suppressed 
by providing secondary air through tuyeres situated in the walls around 
the mouth of the furnace.
Ash falls back into the furnace and can be collected from*time to 
time using a collection pan situated at the furnace bottom. Power 
activated dumping hearths can, however, be installed for automatic 
ash disposal.
The other furnace systems which belong to the group (i) type 
include:-
(a) Dutch Oven or Horse Shoe Furnaces
This type of furnace consists of a refractory-lined chamber called 
a cell into which bagasse is introduced by gravity through the roof, 
while combustion air is admitted through tuyeres built in the refractory 
wall sides and across the top. Each chamber of the furnace is called 
a cell, and hence the names "Ward-Cell" and "Detrick Dennis Cell". The 
cells are horse-shoe shaped, and hence its other name. Complete 
combustion occurs in a secondary cell situated across a bridge wall 
from the main ceil.
(b) Inclined or Sloping Grate Furnaces
This is a variation of the Dutch Oven and contains an inclined 
grate or hearth. The hearth or grate is inclined at an angle, and 
as the bagasse fuel is spread across the hearth while sliding down, the
32.
fuel is dried by the upcoming hot gases and the heat from the 
refractory walls so that it slides down burning, and by the time it 
reaches the bottom of the grate, complete combustion has taken place.
The inclined grate is usually installed directly below the boiler.
(c) The Detrick Dennis Cell Furnace
It contains a refractory wall, and it is shaped something like 
a milk bottle. Bagasse fuel is gravity fed into the furnace, thus 
forming a pile around which combustion air from ports is supplied 
tangentially. Secondary air is introduced through tuyeres situated 
just above the pile, while additional secondary air is supplied from 
tuyeres situated around the throat of the furnace. As in the Ward 
Cell, automatic ash disposal systems can be installed.
The Cell type furnaces described above all have refractory 
walls, and they all employ the gravity feed method for the bagasse 
fuel. The group (ii) type of furnace systems, however, employ a 
spreader-stoker by which the fuel falls onto a horizontal grate as 
the burning outer layer of the fuel is replaced by another outer 
layer from above rather than from below as is the case in pile burning 
of group (i) type furnaces. The ash builds up on the grate as 
the burning continues, and various methods are employed to remove this 
ash and may include dump grates, vibrating grates and travelling grates.
- -In the group (iii) type of furnace, fuel is introduced into the 
furnace and burned completely in suspension, providing enough heat 
to ignite the incoming fuel from the top so that by the time it reaches 
the bottom, it is completely burnt. In some cases, however, for an 
improperly designed furnace, the fuel falls to the bottom of the grate 
and smoulders rather than burning. To overcome this, oil burners are 
installed below and above the fuel entrance, with fuel blown to the 
four corners of the furnace where it may burn to completion. The ash 
falls to the lower boiler tubes where it is collected in ahopper from 
which it is removed pneumatically.
The group (V v) type of furnace is a recent concept which has been 
used successfully in chemical recovery, but has not yet been used or
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investigated properly for burning bagasse. It consists of a bed of 
inert material such as sand which is initially heated by an auxiliary 
fuel to a fluid state before introducing the solid fuel. It appears 
to offer great promise for burning very wet materials such as sewage 
sludge, very wet cane tops and leaves etc. because of the very large 
heat transfer area offered by the inert solid material in the bed. The 
solid part of the fuel would then burn in the bed into which it would 
also deposit the ash. The ash is cleaned off from time to time, or an 
automatic ash removal system can be incorporated underneath the inert 
material.
The preceding literature has helped to highlight the features of 
each of the furnace types, indicating also that the Ward Cell has 
the following overall advantages over the other furnace type systems 
from a third world point of view:
(i) It has the highest probability of burning the bagasse
fuel completely since, without a grate, a lot of heat is concentrated 
in the cell so that any unburnt char will eventually burn. Chapter 3 
confirms that very little char is left unburnt in the ashes. It does 
not have too many feed air inlets, as in the DetridcDennis Cell, which 
might have a cooling effect on the cell.
(ii) It is easy to construct and both the ash removal and the 
feeding can be done manually, thus lowering its overall cost as well 
as creating jobs.
(iii) Automatic feeding and ash removal can be incorporated 
into an existing system when the need arises.
(iv) It has a simple secondary air facility which is provided 
in a rather complicated manner in all the other furnace systems
of type (i) and absent from most furnaces of types (ii), (iii) and
(iv).
As a result of the above advantages, the present author chose and 
used a prototype of a Ward Cell in his experiments. The prototype 
cell used had its grate hole plugged so that the accumulated ash was
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always cleaned out before a new experiment was begun, while the refrac­
tory walls of the furnace were made straight for convenience, instead 
of sloping into an arch as in a real model. In this sub-section, the 
Ward Cell has been described in isolation from the other experimental 
equipment in order to highlight its merits over the other types of 
furnaces. It is therefore the aim of section 2.2. of this chapter to 
highlight all the other experimental equipment used in this work 
before other parts of the chapter are tackled.
2.2. The Experimental Equipment Array
2.2.1. The Boiler System
As explained in 2.1.2. The Boiler system consists of the boiler 
proper and the Ward Cell Furnace. The boiler system used in the 
experiments is shown diagramatically in figures 2,3,4,5 and 6.
Figure 2 shows that the top part of the furnace had an inspection 
window through which the flame could be observed. The window was made
from mica which had to be replaced occasionally as it buckled from the
heat. Figure 2 also shows that the furnace section was constructed from 
sections of a drum, the inside of which had been cast with the refractory 
materials - cement, purmulite and clay. The fi9ure also shows that part 
of the boiler proper was placed directly above the mouth of the furnace 
while the rest of the boiler, figures 4 and 5, was directly above the 
hot gases as they passed along the flue passage. Figures 3,4 and 5 further
show that the boiler was really an open pan system consisting of three
pans in a stepwi.se arrangement. Cold water, representing sugar juice 
in a real small scale open pan sugar production, flowed counter- 
current to the hot gases from one pan to the next until at the outlet 
on pan 1, it had acquired the highest temperature permissible under the 
circumstances.
The plan, figure 3, shows the inlet water temperature probes 
inserted into the inlet water pipe. These probes led to the computer 
where the temperature of this cold water was constantly monitored and 
displayed on the computer screen. The small pipe showing a sample of 
the exit gases leading to the analyser can also be seen. The second 
end elevation, figure 5 shows the two water manometers used for 
measuring the primary and secondary air flow rates after calibrating
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them from Flow rate, Q, vs Pressure drop,£P, curves.
The manometers were used to determine the pressure drop across 
the two orifice plates, figure 5, by pumping air at some constant 
rate through them and noting the pressure dfop on the manometers. The 
air, at the same pumping rate, was then diverted to displace water 
from an inverted jar of known volume, and noting the total time taken 
for the displacement. In this way, the volumetric flow rate, Q of the 
air at the same pumping rate was evaluated. The process was repeated 
many times by varying the pumping rate and noting the corresponding pressure 
drops and volumetric flow rates of the air.
Graphs of volumetric flowrate, Q, versus pressure drop,^ P, 
across the orifice plates were then drawn, one for each of the two orifice 
plates. The water manometers were then calibrated using the Q vs A  P 
curves to measure the primary and secondary air volumetric flowrates 
directly. The primary air flowrate was always measured first before 
being preheated to about 150°C. The secondary air was not pre-heated.
2.2.2. The Computer system
The computer used in the experiments was an Apple micro-computer.
The computer system consisted of the Apple computer, the Visual Display 
Unit (VDU) on which output was indicated, the Terminal which was used 
as an input device to the computer as well as printing out information, 
the Disc Drive, the Data logger, the hydrocarbon analyser, and the Og,
CO2 and CO analyser. The layout of the computer system is shown as part 
of figure 6.
Samples from the stack (exiting hot gases) were continuously 
analysed for O2 CO and CO2 using an automatic gas analyser, while 
hydrocarbon traces were also analysed on a separate automatic gas 
analyser. The results of these analyses were recorded on the screen 
in weight per cent of total exiting gases. In this way the nitrogen 
content of the exiting hot gases was worked out by difference. The 
automatic analysis of the gases above was carried out using industrial 
automatic gas analysers whose results were logged on the computer and 
displayed on the screen. Industrial automatic gas analysers employed
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on combustion equipment measure the individual concentrations of the 
components in the flue gases (in this work the exiting hot gases) by 
determining the level of thermal conductivity or paramagnetic suscept­
ibility of each component. The method involves passing each component 
stream through one of two identical cells containing a platinum resistance 
wire, heated by a stabilized AC supply, while a stream of air is passed 
through the second cell. The two resistances are connected into a 
Wheatstone bridge circuit and the off-balance of the bridge is indicative 
of the cooling effect of the component gas stream on the platinum wire 
whose resistance decreases with reduction in temperature. The extent 
of cooling is due to the component gas stream so that the off-balance" 
is then logged in the computer and displayed as concentration of the 
component in the flue gas stream. Oxygen is paramagnetic, and its 
paramagnetic susceptibility is the one measured in an industrial auto­
matic gas analyser, the result being logged on the computer as for the 
other gases. In this work, the ^  was not measured automatically, but 
was worked out by difference, Chap. 3.
The water temperature signals were logged in the computer via the 
data logger. Ambient temperature was similarly logged in the computer.
All the measurements which were logged by the computer are shown in 
Appendix A3. Thermocouples were used to detect the temperature signals.
It is well known that thermocouples are reasonably accurate at low 
temperatures, but when they are used to detect/measure high gas temperatures 
in enclosed hot systems, as in the gas passage, they record a temperature 
somewhere between the true gas temperature and the temperature of the 
walls. A suction pyrometer is often used to correct such temperatures, 
but unfortunately no such pyrometer was available, and a self improvised 
one soon broke down before any meaningful results were obtained. Rough 
analysis of the results using the thermocouple - based computer temperatures 
of the hot gases could not bring about a heat balance of the process.
A method was therefore developed for calculating these high temperatures, 
chapter 3, and agreement in the work was thus established.
2.2.3. Other Equipment Accessories
Apart from the boiler and the computer system described in the 
preceding sub-sections, many other equipment accessories were used, 
and these are described below.*
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One vacuum pump from an ordinary vacuum cleaning machine was 
used to draw each of the primary and secondary air into their respective 
feed pipes. The primary air flowrate was measured first on an orifice 
meter incorporated in the primary air pipe before being heated by an 
electric heater to about 150°C. The secondary air was similarly measured 
but was not heated. The positioning of the heater and orifice meters 
can be seen in the overall array of the equipment in figure 5. The 
cold inlet water was first allowed to flow into a header tank before 
being sent via a water rotameter to the back pan (pan 3) of the boiler 
using a centrifugal pump. The purpose of the reservoir was to ensure 
a constant flow of the water to the boiler since the water coming 
directly from the tap was varying greatly.
The analysis gases from the stack were hot, and they were therefore 
cooled down using a Liebiph' condenser before being passed through a 
large bottle into which moisture from the cooled gases could condense.
The gases from the large bottle were then passed through a glass fibre 
filter which was regularly replaced to remove char and dust particles.
The gas stream was^then branched into two, one stream going to the 
hydrocarbon (HC) analyser while the other stream went to the o^9 CO and 
CO2 analyser. Before being analysed, the non-hydrocarbon gases were 
further passed through silica gel to remove any more water and then through 
a paper filter to remove any more remaining dust. The total equipment 
set up was also connected to nitrogen and carbon dioxide sources as 
precautions against fire. A weighing machine and a bucket, were 
separately provided for the fuel measurement. A purpose-made 
suction pyrometer was also available for measuring the temperature 
of the hot gases at regular intervals. This pyrometer however, soon 
became crippled and inoperative, and it was therefore abandoned before 
any results were obtained with it. The total equipment set up is shown 
as the process flowsheet of figure 6, and is discussed in sub-section 2*2*4 •
2.2.4. The Process Flowsheet
i The Process Flowsheet of the experiments is shown as figure 6, and 
is not drawn to scale. The purpose of this Flowsheet is to show the 
relative positions of each of the pieces of equipment described earlier, 
in the overall set up of the experiments. The flow of materials and
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signals between the various parts of the set up are shown with arrows 
by which the direction of the arrows also indicate the direction of 
flow of either materials or signals. Section 2.2. has highlighted the 
equipment used in the experiments, and it is therefore logical that the 
next step should be to look at the procedure used in carrying out the 
experiments; and this is described in section 2.3.
2.3. The Experimental Procedure
The procedure involved a series of activities which included the 
preparation and measurement of the fuel, measurement of the water flowrates, 
monitoring the readings on the screen, changing the air flow rates as 
required, and taking print-outs from the computer at the end of each 
experiment on each day. Each of these activities is described briefly 
in the following sub-sections.
2.3.1. Fuel Preparation, Measurement and the Warming Up Period
2.3.1.1. Fuel Preparation and Measurement
The physical moisture content, me, of the bagasse fuel was 
determined by drying several of its samples to constant weight in an 
oven at 105-110°C. These determinations showed the physical moisture 
content of the fuel to be 15.6% on a wet weight basis (wwb). The 
bulk of the fuel was then weighed out according to the power level of 
operation needed and had water added to it to bring the physical moisture 
content to the level desired,viz 35% me on a wwb; and this was the
situation.
The amount of water added to each weighing at each particular power 
level can be best explained by chosing a true operating power level, 
say 20kw, and carrying out the calculations at this power level. Such 
calculations have been carried out, and are shown in Appendix A2. The 
power of 20kw used in the calculations in Appendix A2 is nominal power,
Pn, which is different from actual operating power, Po, to be encountered 
later on in Chapter 3.
Nominal power is the power at which the boiler would have operated 
if there was complete combustion of the fuel with all the net heat resident
moisture content previously cho
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in the fuel being released. The nominal power is therefore based on 
the net CV. Actual operating power, Po, on the other hand, refers 
to the net amount of heat released by the combustion of the fuel when 
there is incomplete combustion of the fuel viz. when uncombusted 
volatiles like HC, CO, carryover carbon etc. are formed. Actual operating 
power is therefore also based on net CV. Pn and Po therefore always 
differ by the amout of heat which would have been released if no 
uncombusted volatiles or carryover carbon were formed; and Pn^- Po 
always.
The calculations in Appendix A2 show that very many weighings 
had to be carried out. In order to avoid the tedious job of having to 
carry out so many weighings, the fuel, at 15.6% me was weighed out in 
bulk and then computations carried out along the reasoning in Appendix A2 
in order to determine how much water would have to be added to the bulk fuel 
to bring its me to 35%. Having done this, the necessary amount of water 
was then added, the hjlk fuel mixed thoroughly, and then reweighed out, 
in portions of 1.2559kg, into nylon bags which were tied to prevent loss 
by evaporation. The same procedure outlined above was used to arrive 
at the weighings for the other nominal operating power levels 30, 40,
50 and 60 kw by replacing 20kw with the relevant power value in the 
calculations in Appendix A2.
Straw, which had molasses added to it in order to approximate to 
bagasse, was used as the fuel in much of the experiments. It is 
this straw which had a basic moisture content of 15.6% and a CV (dry)
(net) of 14.7 MJkg”*. However, sugarcane bagasse which was shown in 
chapter 1 to have a CV (dry)(net) of 17.3 MJkg~* was in short supply, 
and it was therefore used in a few runs in order to obtain data for 
comparison with straw. The data obtained showed good agreement with 
that obtained using straw so as to permit the conversion of straw 
data to bagasse data according to the procedure shown below:
Operating me in straw = 35%
CV (dry)(net) for straw = 14700 KOkg"* 
operating me in Bagasse = ?
CV(dry)(net) for Bagasse = 17300 KJkg”* so that,
14700(1-0.35) = 1730U.(I-me) 
or me bagasse = 0.448 ^ 0 . 4 5  = 45% on wwb.
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1. CVw (net): The definition of CVw(net) as given on page 24 refers
to the net heat which would have been liberated by (l-mc)kg of fuel, on a 
daf basis, if the physical moisture was removed before combusion. It had 
to be defined in this way because:
(i) The sensible heat of the process cannot be ignored when carrying out 
the heat analysis of the process which requires the exiting temperatures of 
the hot gases, Te, to be known beforehand.
(ii) In calculating the wet fuel to be measured out, Appendix A2, and
hence the weight of water to be added to the dry fuel, a definition of CVw(net) 
in this form greatly simplifies the weighings procedure so that the heat 
taken away by the'physical moisutre, latent and sensible heats, are 
evaluated'only after the exiting hot gas temperatures, Te, are established.
2. Ultimate Analysis: It has been shown on page 45 how the straw fuel 
data was converted to bagasse fuel data on the basis of their calorific 
values. This conversion is made plausible by comparing their ultimate 
analyses. Bagasse ultimate analysis by several authors has been given on 
pages 22 and 23, on a daf ^weight basis, and compares reasonably to the 
ultimate analysis (%) of straw given by Mitchell, C.P. and Pearce M*L.,
(1984) as C =  50;50; H = 6.20; 0 = 42.30 and N = 1.00 on the same basis.
The ultimate analysis of the straw used- in this work by the present
author, Appendix A5(i), is C = 47.00; H = 6.98; 0 = 44.85 and N = 1.17 on the
same basis, and compares very closely with the bagasse ultimate analysis 
on page 22. These analyses of straw show that, like bagasse, they are place 
and soil type dependent. Since the ultimate analyses of bagasse and straw 
have thus been shown to differ very slightly, the composition of the gases 
produced by combustion will also differ very little, thus justifying the 
conversion of straw data into bagasse data in this work.
3. Combustion behaviour: The ultimate analyses of the straw and bagasse
fuels used in this work have been shown to be very similar so that the
carbon contents of each fuel are also very close to each other. Figure 9
shows the combustion behaviour of a cellulosic fuel from the moment it is 
put into the furnace up to the time the spent hot gases leave the furnace.
The breaking up of the char after the pyrolysis of the fuel is only due to 
gravity, combustion air pressure through the furnace and the char combustion 
process itself ; so that formation of char fines is independent of the shape
and size distribution of the uncombusted fuel. The extent of the carbon 
carryover, which is actually the elutriated char fines, will therefore be 
comparable for both the straw and the bagasse fuels since the char fines 
are formed similarly from materials with similar ultimate analyses. The
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bagasse and straw fuels are also similar since they are all derived from 
grasses. Wood, because of its compact and tougher nature, would not 
plausibly be explained by the preceding literature if it had been used in 
place of straw.
The ultimate analysis of Tanzanian-derived bagasse is shown on page 22 
while its combustion equation is shown on page 23 as equation (1) whose 
air/fuel ratio is 5.94.
At complete combustion, 1kg mole of the bagasse will yield:
16 x 44 = 704 kg C02(g) and 14.25 x 18 = 256.9 kg H20(g) from 17.375 x 32 = 
556 kg 02 = 2403 kg of combustion air, or total mass of hot gases which 
will exit from a combuster when one kg mole of bagasse is combusted 
completely is:-
704 + 257 + (2403-556) = 2808 kg of hot gases.
so that % C02 in hot gases = 25.07%
% H20(intrinsic) in hot gases = 9.15%
% N2 etc in hot gases = 65.78%
From page 26, the net calorific value of the bagasse fuel, on a d.a.f basis
is 17.3 MJ kg”^so that at complete combustion at 25°C, the net heat which
will be released by one kg~mole of the fuel is:
17.3 MJ kg~^x 404.5 kg kg-mole*"^= 6998 MJ kg mole
If the fuel is combusted wet at a 45% moisture content on a wwb, the total ■ 
'mass of physical water in the fuel per kg mole is:
[404.5/0.51] x 0.45 = 331 kg H20 so that the latent heat taken away by the 
physical moisture at 25°Cis: 331 kg x 2600 kJkg” -^ = 861 MJ, where 2600 kJkg-1 
is the latent heat of vapourisation for water at 25°C.
Hence, % net heat loss to the physical moisture is 861/6998 = 12.3% = loss 
in net calorific value due to the presence of physical moisture in the 
fuel.
By the same token, the various quantities calculated for bagasse above can 
also be calculated for straw so that the ultimate analysis of the straw 
fuel, from page 45a, used in this work yields a straw chemical formula of 
C16^28.5O 1I.4^0.33* This formula gives a straw combustion equation of the 
form:
C l<^28.$11.4 No.33 + 17.4250 2-*16C<^+ 14.25H^0 + 0.1651^ .
At complete combustion, 1 kg-mole of the straw will yield:
16 x 44 = 704kg CO2, 14.25 x 18 = 257kg H 2p(g) and 4.62 kg N?
from 17.425 x 32 = 558 kg O 2 = 2411 kg of combustion air, or total mass of 
hot gases which will exit from a combuster when one kg mole of the straw is 
combusted completely is:
704 + 257 + 4.62 + (2411 - 558) = 2819 kg hot gases 
so that:
% CO2 in hot gases - 24.97%
% H^(intrinsic) in hot gases = 9.12%
% N 2 etc in hot gases = 65.91%
\
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net. heat which will be released by one kg-mole of fuel is:
14.7 MJ kg-l x 407.52 kg-mole-^ = 5991 MJ kg-mole-l.
If the straw fuel is combusted wet at a 35% moisture content on a wwb, the 
total mass ojf_ physical water per kg-mole is:
|_407.52/0.65 ) x 0.35 = 219 kg l^O so that the latent heat taken away by the
physical moisture at: 25°C is:
2.19 kg x 2600 kJkg 569 MJ where 2600 kJkg "''is the latent heat of
vapourisation for water at 25°C.
Hence, % net heat loss to the physical moisture is 569/5991 = 9.5% = loss
in net calorific value due to the presence of physical moisture in the
straw fuel.
Using Mitchell's ultimate analysis of straw gives a straw formula of 
O 9 ^Nq  ^so that the hot stream would contain:
% C02 = 25.9%
% H2P(intrinsic) = 7.8%
% N2 etc = 66.3%, while the loss in net calorific value due to 
physical moisture is 9.5% if the CVd(net) is assumed to be 14.7MJ kg
Overall, the composition of the combustion gases from the bagasse and.the 
two straws compare closely as shown by the preceding calculations, and the 
two fuels are therefore similar.
However, when a combuster has to be operated at a particular power level, more straw 
has to be burnt per sec to yield the same power as bagasse in accordance with the 
calculations in appendix A 2 or the equivalence on the bottom of page 45. The 
equivalence on page 45 shows that for the same rate of power production the baggasse: 
straw mass ratio is:
(1-0.45):(1-0.35) = 0.55:0.65 = 1:1.18 = 14.7:17.3 and is moisture content independent
Since 404.50 ^  407.52 the molecular weights, on daf bases, of bagasse and straw 
respectively, a unit mass of each fuel, when combusted completely, would yield flue 
gases of compositions shown on pH-Sb* If, however, each of the two fuels is to be burnt 
to produce the same power, then for each unit mass of bagasse burnt, 1.18 units of 
straw must be burnt. The % flue gas compositions from the straw would then increase 
w.r.t. the % bagasse gas compositions so that:
%CO? from bagasse = 25.07%)uncharged, %CO? fromstrawx 1.18 = 29.46%
%H20 (intrinsic) from bagasse = 9.15%)and %H20 (intrinsic)from straw x 1.18=10.74}'
%N2 from bagasse = 65.78%) %N2 etc. from straw x 1.18 = 77.77%
In accordance with all the preceding calculations therefore, straw is a close substitute 
fuel for bagasse on an ultimate analysis basis, and a broad substitute fuel for bagasse 
on a calorific basis. Hence, if 1 kg-mole (404.5 kg) of bagasse is combusted completely 
in 1 sec, the number of moles of straw which will have to be combusted completely in 
1 sec to yield the same power is (404.5 x 1.18)/407.52 = 1.17 kg-moles of straw =
477.3 kg straw so that 17.3 x 404.5 = 14.7 x 477.3 = 7000 MJ. The %age compositions 
of each of the components flue gases would then compare as shown above-a broad agreement*
Hence, a straw fuel containing 35% me on a wwb is exactly equivalent 
to a bagasse fuel containing 45% me on a wwb. This is the relationship 
worked out between straw and bagasse, and in all subsequent literature, 
the biomass fuel shall imply a bagasse fuel with 45% me on a wwb. The 
45% me of bagasse falls within the ex-mill bagasse moisture range given 
by Paturau in sub-section 1.3.3.1. and it is about the moisture level 
likely to be reached with the impending introduction of crushers in 
sugar mills to replace the present rollers.
2.3.1.2. The Warming Up Period
It has already been established in the preceding sub-sections that 
operating the furnace at a nominal power of 20kw required 1.2559kg of 
fuel to burn for 10 minutes. This fuel was fed into the furnace manually 
at a constant rate so as to have all been placed into the furnace 
at the end of the 10th minute. Before readings were initiated the furnace 
was started and fed in this way until the temperature of the hot gases 
stopped rising. This situation then constituted a thermal equilibrium 
state, and the period during which the boiler system attained this 
state was called the "Warming Up Period", and usually lasted for one 
hour. During the warming up period, the combustion air was fed through 
the primary pipe only.
Having attained steady state, fuel was then fed into the furnace 
at constant rate in batches of 1.2559kg every ten minutes for thirty 
minutes (viz. 3 batches). This thirty minute period of feeding 
constituted a buffer; although the results were registered by the 
computer, they were for comparison purposes only. Immediately, at 
the end of the buffer period, three more batches of 1.2559kg of fuel 
were again fed into the furnace, each batch lasting ten minutes as 
before. This new 30 minute period constituted one test, and it is during 
this period that as constant a feeding rate as possible was attempted.
The results were noted by the computer. A 30 minute buffer and a 30 
minute test together comprised one run while a ten minute feeding period 
constituted one scan.
Immediately, at the end of one run, the primary,to secondary air 
ratio was changed by adjusting the air flows through the primary and
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secondary air pipes using taps located at some distance from the orifices.
The next run was immediately begun, and lasted for one hour as in the 
previous case. In this way, all the runs for the day were carried out 
in order to obtain results for each of the various air ratios at a 
given power. The same procedure was adopted in all subsequent 
experiments (runsper power level = 1 experiment). Fuller details of 
what each run constituted appear in the analysis of results, chapter 3.
Before a new experiment was begun each day, the ashes from the furnace 
were cleaned out and the whole procedure restarted anew again.
2.3.3. Water Flowrates
As already mentioned in 2.2.3. the cold water was delivered to the 
boiler via a reservoir using a pump. The reservoir was used to 
ensure that the cold water flowing into the boiler was not varying.
Its flow was monitored by using a water rotameter to ensure that just
the optimum amount flowed, and so that too little did not flow into
the boiler so as to boil off. If too much flowed in, however, this
would also be detrimental in that the temperature rise of the water
in the boiler would be too small. This cold water flow into the back
of the boiler, pan 3, was measured for each test as follows: A bucket
was placed at the inlet of the water into pan 3 and a stop watch started
from the moment water started pouring into the bucket up to the time
the bucket was nearly full. The total time taken for this water accumulation
was noted, and from this the cold water flowrate into the boiler was
determined. Such flowrate measurements were usually taken during the
buffer period, after which the flow was maintained as constant as
possible.
By the same token, the hot water pouring out from the front, pan 1, 
of the boiler was timed as above, and the flowrate determined for 
each test. By comparing the cold water inlet flowrate to the hot 
water outlet flowrate, the amount of water which had evaporated from 
the pans was determined. The outlet hot water flowrate plus the amount 
evaporated per second constituted the load in these experiments. The 
total heat gained per second by the water as it flowed through the boiler 
was then possible to calculated nee the inlet temperatures of the 
incoming cold water as well as the outlet hot water temperatures were
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recorded by the computer for each test. These water temperatures 
were low, well below 100°C, and therefore accurate.
In a real small scale open pan sugar mill, it is the sugar jQice
which would have flowed through the pans so as to have its water content 
reduced by evaporation. In the experiments, therefore, the water 
flowing through the pans was used as substitute fea d. The positioning 
of the pans in relation to the inlet and outlet water flows can be seen
on the flowchart figure 6.
2-3.3. The Recording of the Results
Two sets of results were taken from the experiments: the first
set consisted of those results which were taken manually, and the second 
set consisted of those which were taken by the computer. The former 
set included measuring the coolant flowrate through the pans, weighing 
the fuel portions and adjusting the air flowrates as required.
The latter set included the following measurements: the ambient 
temperature, the coolant inlet and outlet temperatures, the coolant 
temperatures in each of the pans, the stack gas temperatures, the flue 
gas temperatures, % oxygen, % CO and % hydrocarbons (HC) in the 
outgoing hot gases. Each one of these computer-measured quantities was 
given one or more channel numbers so that they were each identified 
by their channel numbers in the computer print-out. For each test, 
three different average values, one for each 10-minute period, were 
given for each of the above mentioned quantities. The channel numbers 
were allocated as shown in Appendix A3. The mean values over 30 minute 
periods were then taken for each of the quantities represented by the 
channel numbers.
2.4. The Experimental Variables
2.4.1. The Independent Variables
The independent variables in the experiments were set to be the 
primary: secondary air ratios; the excess air; the moisture content; 
the operating power; and the length of pans. The last variable could 
not be investigated due to lack of time and the complexity involved in
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changing the geometrical configurations of the pans. The other variables 
are further described in the next sub-sections.
2.4.1.1. Primary:Secondary Air Ratios
As described in 2.2.1., the air supplied to the fuel for combustion 
was fed into the furnace partly through the primary air pipe and 
partly through the secondary air pipe. The flowrate of each of the 
two air supplies was measured using orifice meters which have been 
mentioned earlier. The primary:secondary air ratio for each run was 
then calculated. Values are presented in detail in chapter 3. Each 
air ratio was given a number so as to distinguish one from the other 
so that air ratio 1:0 = Air No. 1; 1:1 = Air No. 2; 1:1 = Air No. 3;
2:1 = Air No. 4.
2.4.1.2. Excess Air
It has already been shown in 1.3.2.4. that the stoichiometric 
air/fuel ratio for bagasse is 5.94. However, in a real situation, more 
air than is stoichiometrically necessary has to be supplied for complete 
combustion of the fuel. The extra air which is supplied in addition 
to the stoichiometric air supply is called excess air so that the % 
excess air supplied may be given as:
Excess air supplied 
"Stoich iometric ai r supp 1 ied 
The excess air supply for each of the runs has been worked out 
in detail in chapter 3.
2.4.1.3. Moisture Content and Operating Power
It has already been pointed out that physical moisture can hinder 
the efficient performance of a boiler. Its quantitative effects on the 
boiler efficiency are discussed further in chapter 3.
The physical moisture of the fuel is the moisture residing
in the fuel after the physical crushing of the sugarcane stack to
remove the juice. This moisture is not chemically bound to the bagasse, 
and can be removed by physical means such as drying in the sun or in
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an oven at about 105°C. In this regard, therefore, the fuel is said 
to be wet. This moisture is distinguishable from the water formed 
when the fuel burns - a chemical process - to form carbon dioxide 
and water (equation 1). If a unit mass of wet fuel contains mckg of 
moisture, mc£ 1, then the actual amount of fuel per kg which will burn 
to produce heat is 1-mc kg fuel. The fraction me will absorb heat 
during combustion and leave as a vapour with the rest of the hot exiting 
gases. The physical moisture therefore has a detrimental effect in that 
it reduces the overall amount of heat available from the combustion 
process for raising the load. A method of minimising its effect is 
suggested in chapter 4. As a result of taking heat from the combustion 
process, the physical moisture therefore lowers the calorific value 
of the fuel from CVdry to CVwet according to equations (2) to (6).
It has already been shown in Appendix A2 how to calculate the fuel 
requirement at a given power level. Two kinds of power have also been 
distinguished in 2.3.1.1. The power at which fuel calculations are 
based is the nominal power, Pn, which can be calculated by a reverse 
method to that shown in Appendix A2 when the fuel to be combusted is 
knowiijSO that:
Pn = wt. of fuel x CV(wet)(net)/time (sec).
Therefore a furnace combusting, say 1.2559 kg of fuel of 35% me and 
CV(wet)(net) = 95559KJ kg‘* in 10 minutes, will be operating at a 
nominal power of: Pn = 1.2559 x 9555/10 x 60 = 20 kw. However, the 
furnace will operate at a lower power than 20kw if there is no complete 
combustion of the fuel. This lower power at which the furnace might 
operate is the actual operating power, Po, encountered in 2.3.1.1.
2.4.2. The Dependent Variables
The dependent variables in the experiments included the 
boiler efficiency, the furnace combustion efficiency, and the 
velocity of the hot gases.
2.4.2.1. Boiler Efficiency
A' nornencteture for the two types of. power, Pn and Po, have already
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been introduced in 2.4.1.3, Two types of efficiency also exist, depending 
on the way they are defined with respect to the two powers. The two 
efficiencies are the Overall Thermal Efficiency, Eo, and the Nominal 
Efficiency, En. The overall thermal efficiency is defined as:
Heat utilised (transfered to the load)
Eo = ----------------------------------------------
Total heat released by combustion
while En = Heat utilized (transfered to the load)
Theoretical heat released (expected)
At complete combustion, however, Po = Pn and Eo = En.
Pn> Po and Eo]>En. The efficiencies at different runs 
worked out in chapter 3.
2.4.2.2. Combustion Efficiency
The combustion efficiency, ^  , of the furna.ce is
^  = Total heat released by combustion Po
Theoretical heat release expected Pn
if all the fuel burns completely
The combustion efficiencies at different runs have been worked out and are . 
shown in Chapter 3.
2.4.2.3. Velocity of Hot Gases
The velocity of the hot exiting gases from the furnace system are of 
fundamental importance because they determine the elutriation pattern of the 
char fines of the fuel in the furnace.and influence heat transfer to the 
boiler load. These velocities are in turn determined by the diameter of 
the flue passage through which they exist, as well as by their temperature. 
Since a large error may exist in measuring temperatures of very hot gases 
using a thermocouple, as was the case, a suction pyrometer is usually 
used. However, in these experiments no suction pyrometer was available, 
and hence a method of deducing the true gas temperatures is 
shown in Appendix Bl. Sieving experiments were also carried out on
Po
Qw
Pn
Otherwise 
have been
defined as:
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dry bagasse to determine its size distribution so that their elutriation 
pattern? could be estimated. In this way, it was possible to 
determine how much of the bagasse would elutriate at different hot gas 
velocities. This also helps to show how much of the fuel most probably 
burns in the freeboard. The details of this analysis appear in Chapter 3.
3. ANALYSIS OF THE RESULTS
The background to this work has already been discussed in chapter 
one, while the equipment and procedures used have been described in 
chapter two. The experimental results obtained for this work are broadly 
in two groups; the specific analysis of the results which aims to 
produce a basis from which conclusions can be drawn, and the general consid­
erations or general analysis, on which the former is based. The latter 
analysis is considered in section 3.1.
3.1. General Considerations
3.1•1• The Basic Table of Working Variables
The air ratios, the excess air, power, moisture content, as well as 
coolant flowrates and ambient temperature have been cited in chapter two. 
Table 1 shows the values for each of these quantities.
A closer look at table 1 shows that the primary air flowrates in 
air nos. 2 and 4 are double the secondary flowrates. The air ratios have 
therefore been represented as l:i and 2:1 respectively. Air No. 1 (1:0)
4 Air No. 5 4 Air No. 6 (see flowrates). The coolant inlet and outlet 
temperatures shown in the same table were measured directly by the 
computer.
3.1.2. Fuel Combustion Consideration
3.1.2.1. Incomplete Combustion of Volatiles
During pyrolysis and combustion of the fuel, several combustible 
gases as well as solid carbon may be formed and remain unburnt. The 
gases constitute the combustible volatiles which may be carbon monoxide 
and a large range of hydrocarbons, HC, which, for purposes of calculations, 
will be represented by methane,CH/p It is essential to establish the 
amount of uncombusted volatiles so that a mass and heat balance for the 
process can be achieved. The following assumptions are made in 
calculating the uncombusted volatiles.*
(i) All the N£ fed into the furnace comes out unchanged viz. 
no N£ reactions occur in the process.
(ii) Incompleteness of combustion of the fuel as a whole means the
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formation of some uncombusted carbon, carbon monoxide and methane.
(iii) When water is removed from the hot gases before analysis, no 
CO2 dissolves in the water, and no water remains in the analysis gases.
The general method of calculating the amount of uncombusted volatiles is 
shown in Appendix A4, while the calculated amounts of uncombusted volatiles 
are shown in table 2.
3.1.2.2. Unburnt Carbon in Stack Gases
The same reasons which have been advanced in 3.1.2.1. for the need 
to know the amount of unburnt volatiles also apply to the unburnt soot 
in the stack gases. The unburnt soot also gives an indication of the
degree of elutriation of the fuel as a whole. Since the soot
formation was not measured, the extent of its formation can only be
estimated by first working out the values for the following:
(i) total carbon feed into the furnace
(ii) carbon associated with the unburnt volatiles in table 2
(iii) carbon fused in the ashes, and
(iv) carbon associated with CO2 so that the unburnt carbon (soot)
in the stack gases is then given by:
(i) - [(ii) + (iii) + (iv)] . . . . (v)
The calculations leading to the evaluation of these quantities,
(i), (ii), and (iv) are shown in Appendix A5, while the values are 
shown in tables 3,4,5 and 6 respectively.
(iii) Carbon fused in ashes
The ashes from the combustion process were partly fused at the
higher operating powers of 40 and 50 kw. It w a s  felt that some free
carbon might be deposited uncombusted in the ashes, and random samples
were therefore collected for analysis. The operating nature of the
process, as well as the limitedtime for which the rig was made available,
made it impossible to collect ash samples at each power and run.
However, samples collected at the 20 and 50 kw levels revealed that the
amount of free carbon retained in the ashes was negligible. These
findings were assumed to hold for the other power levels as well. Two
sets of two crucibles containing well ground ash samples from the 20kw and
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50kw levels were placed in a muffle furnace at about 900°C with the door 
slightly ajar. When the crucibles showed constant weight over a period of 
time, weighings before and after the ash heating showed that 9.42% of 
the ash samples were carbon. The per cent ash in fuel was 4.60, and the 
weight of carbon fused in the ash per sec is then given by 9.42/100 x 
[4.60/100 x weight of dry fuel per sec] kg sec~* so that the carbon 
deposited in the ashes per sec at each power level is shown in table 6.
(v) Unburnt soot (Carryover Carbon) in the stack gases
So far the carbon contents of the fuel feed, the CO, the HC, and the 
C02 and in the ashes have been established. Assuming there was no 
carbon discrepancy by which carbon participated infractions other than 
with oxygen, and assuming further that the C02 analyser was working 
normally, the carryover carbon (C/C) can be estimated by difference, as 
stated earlier. The values for the C/C obtained in this way are shown in 
Table 7.
In Table 7 the carryover carbon is largely determined by the C02 
level in the system. However, a rough heat balance shows that more 
heat was released than the combusted carbon in table 7 suggests. The
carryover carbon is also too high to account for the high, heat releases
noted. Extra carbon must therefore have combusted to C02 , but was not 
correctly registered by the C02 analyser, to give rise to the heat releases
noted. It is therefore the purpose of Appendix A6(i) to show how the
actual carbon which combusted can be calculated so that a correct carryover 
carbon table as well as a correct heat and mass balance table, can be 
established. These calculated values of the actual carbon which combusted 
are shown in tables 8 and 9 in which:
a = fraction of total carbon feed forming CO
b = fraction of total carbon feed forming char, and
N = true number of moles of 02 , in C02 formed by combustion.
The values for b at Pn = 60kw in table 8 are negative,
indicating an error which is corrected for in Appendix A6(ii). The 
values for 02 , N and C in table 8 are per mole fuel feed so that 
table 9 gives the values for N,C,02 and CO per actual experimental 
feedrate per second.
3.1.2.3. Estimation of C-Loading of the exit gases
In Table 9, the carbon deposited = carryover carbon + carbon in
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the ashes. The actual carryover carbon is therefore by difference, and
is shown in table 10, together with estimates of carbon loading of the
3
exit gases in grammes per m .
Table 10 shows that the carbon loading of the hot gases decreases 
with increasing power to a minimum at 50kw before it starts to rise 
again. Carbon loading in a real factory is significant in that 
it gives an indication of how much of the fuel is being lost and, 
furthermore , it gives an indication on whether collectors have to be 
installed in the chimneys to collect some of the soot or not since 
stringent anti-pollution standards have to be met in a large number of 
countries. The permissible range of carbon loading of the exit gases
from sugar factories in most of the developed sugar producing countries
3 3ranges from one gm/std m to about 0.4 gm/std m . The significance of
carbon loading is considered further in section 3.2.
It has already been pointed out that the b values in table 8 at Pn = 
60 kw are negative, and since the carbon fraction cannot possibly 
be negative, there is an error. Rough estimates of combustion oxygen 
demand show that there is a discrepancy in the oxygen balance, and this 1 
could have been expected since the O2 analyser was often blocking at Pn = 
60 kw, thus introducing errors. The error in the b values at Pn = 60 kw 
as well as the O2 balance discrepancy, are redressed using the procedure 
set out in 3.1.3.3.
3.1.3. Combustion Oxygen Demand
3.1.3.1. Total Opfeedrate
The oxygen demand for the combustion process can be worked 
out by considering the oxygen feed into the system, as well as the 
free oxygen which comes out of it. The amount of oxygen used up to 
form CO2 has already been worked out in terms of N in table 9 
so that the total oxygen into and out of the system is worked out in 
Appendix A7, while the values for inlet and outlet O2 thus calculated 
are shown in tables 11 and 12 respectively.
3*1.3.2. Overall Total Qq in Exiting Gases
Table 11 shows the total O2 feedrate into the system, while
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table 12 shows the total exiting out of the system after the 
combustion process. The exiting 0^ includes unused (free) as well 
as O2 in combined form as 1^0,CC^ and CO. All the H2 of the fuel 
is assumed to exit as h^O (ref. table 4 and subsection 3.1.4.1.)* The 
exiting O2 in either of the forms mentioned here has been calculated 
using the procedure shown in Appendix A7 (ii).
3.1.3.3. Correction for Op Discrepancy at 60kw
A closer look at the oxygen flowrates (kg/sec) into and out of the 
furnace system in tables 11 and 12 shows that these flowrates are, 
within limits of experimental and calculational error, equal at each air 
level for power 20 to 50 kw. Any very slight differences in this range 
can be explained in terms of hot gas leakages and oxygen consumption 
by corrosion of the furnace system. There is, however, no such agreement 
at 60kw, and the differences are so large they cannot be explained as 
for the other ranges. As mentioned in 3.1.2.3. there were errors in 
measur ing- the O2 exit at this level due to a malfunctioning of the O2 
analyser. The method in Appendix A6 (ii) sets out to correct this error.
Using the same procedure as in Appendix 6 (ii),* the corrected values 
for b and N at the other air ratios at 60 kw are given in table 13, in 
which are also included corrected corresponding values at 60kw for tables 
8,9 and 10.
By using the values in table 13 and accepting that A  O2 could not 
have been used otherwise other than being erroneously measured, an 
agreement is thus established for the incoming and exiting O2 at 60 kw, 
as well as correcting for b values which were otherwise - va. as shown 
in table 8. The values in table 13 therefore respectively replace those 
in tables 8, 9 and 10 at Pn = 60kw. A mass balance table can now be 
drawn up. However, since the materials going into the system undergo a 
thermal-chemical process, and since mass and heat balances are intimately 
related in a combustion process, the heat releases for the process are 
worked out first.
3.1.4. Process Heat Considerations
3.1.4.1. Heat Release Considerations-
Section 3.1.2. has dwelt on the combustion process in so far as the
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combustible materials entering the system are concerned. In this way, 
it has also been shown that some of the carbon entering the system does 
not burn to completion, thereby releasing less heat than would otherwise 
have been expected. It is the purpose of this section to show how the 
heat released as a result of partial combustion of the fuel is calculated. 
It is assumed in these calculations that all the hydrogen from the fuel 
burns to form water since negligible amounts of uncombusted hydrocarbons 
were formed; while free hydrogen cannot possibly exist in the presence 
of excess 02 in such hot surroundings. The overall heat effect of any 
shiftreactions occuring in the system is taken care of in the calculations 
since CO, the net product in any such reactions, was measured. The shift 
reaction which could have occured in the system is:
The total heat released at each level in the process has been 
calculated using the procedure shown in Appendix a s # while the actual heat 
values thus obtained are shown in table 14.
3.1.4.2. Process Heat Accountability
This sub-section aims to show how the heat releases at each power 
level, as shown in table 14, can be accounted for after the combustion
process has taken place. Five ways by which heat releases could have
been expended exist, and these are:
(i) Absorption by the load (water in pans)
(ii) Losses by radiation to the surroundings
(iii) Preheat of the primary air
(iv) Losses to exiting hot gases
(v) Losses to exiting hot moisture
(i) Absorption by the load (water in pans)
The heat absorbed by the water in the pans at Pn = 20 kw and
air ratio 1:0 is given by:
C(s) + H20 (g) 
H2(g) + C02(g) 
net: C + C02(g)
^  C0(g) + H2(g)
H20(g) + C0(g) 
? 2C0(g)
58.
Qw = mCp^t + evaporative heat, J
where Qw = heat absorbed by the water per sec
m = mass of outlet water per sec.
Cp = specific heat of water = 4.187kJkg“*
&t  = temperature difference between inlet and outlet b^O.
The difference in water flowrates between inlet and outlet b^O v/a.s 
so that the water which evaporated at given conditions was known. The 
value for Qw at Pn = 20kw and air ratio 1:0 is as given below:
Pn
kw
Air
Ratio
mkgsec 
(from 
table 1)
-i -]
kJkg aK 1
A t  °K 
(from table 1)
J
kJ
9
Qw
(=mCp4t + J)
20 1:0 0.066 4.187 29.2 0.188 8.257
 ^ - Using the same procedure as shown above, the values for Qw at the 
other operating power levels have been calculated and are shown in table 15.
(ii) Radiative heat losses, Y :
Coulson and Richardson (1977) page 260, describe a method for 
calculating heat losses from lagged pipes. However, for the 
method to work, the true temperature of the fluids through the lagged 
pipe must be known. In this work, however, the whole system was lagged, 
and any heat losses must have been small since the transfer length and 
the radiation area were small. Field investigations by ITIS on small 
scale open pan sugar mills have shown that, for lagged boiler systems, 
the heat loss by radiation is about 2.5% so that radiative heat losses, 
by this approximation, are given in table 16 for each operating power 
level. Because this component of the heat balance is small further 
refinement of the estimate is not necessary.
(iii) Temperaturesof exiting hot gases
It has already been mentioned in 2.4.2.3. that a suction pyrometer 
was not available for measuring the temperature of the exiting hot gases.
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These temperatures are necessary in evaluating the heat losses to the exiting 
hot gases as well as to the exiting moisture. Since (i) (ii) and (iii) are 
now known, (iv) and (v) can be evaluated by carrying out a heat balance such 
that the exit temperature, Te°K, of the hot gases is established. This 
evaluation is carried out in Appendix A9, while the exiting Temperatures,
Te, by this method are shown in table 16.
According to the definition of gross and net calorific values, it 
would appear that the heat associated with the intrinsic moisture should not 
appear in equation (ii) of Appendix A9.
However, immediately after combustion, the gases, including intrinsic 
moisture, are at some initial temperature Tp.. Because of the presence of 
physical moisture, the combustion products (gases and intrinsic water) lose 
some of their heat to the physical moisture, thus lowering the overall 
temperature of all the gases coming from the furnace to Tp.
Furthermore, the gases, including intrinsic moisture, at temperature 
Tp, lose heat to the load and by radiation so that they all exit at 
temperature Te. Hence, the intrinsic moisture also contributes to Qw and Qr, 
and thus the reason for equating (ii) to (iii) in the calculations. Therefore 
equation (iii) contains a heat contribution factor in terms of Qw and Qr 
by the intrinsic moisture. In a hypothetical case, if the intrinsic water 
was cooled to 298°K, then its heat release would not manifest itself in Po, 
but in Qw, Qr, plus an amount being taken by the exiting gases, thus raising 
Te slightly.
In theA tg equation in AppendixA9, Mg = Z in table 2. In working 
out the A  tg values of table 16, corrections for Z at Pn = 60kw in table 2 
were taken into account so as to nullify the errors due to the 02 discrepancy 
noted in 3.I.3.3.. The corrected values for Z (= Mg) at Pn = 60kw are shown 
in table 17.
(iv) Heat Losses to Exiting Hot Gases
The temperatures for the exiting hot gases have been established in 
table 16, so that the heat associated with these gases, including the 
physical and intrinsic moistures, can be evaluated as follows:
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Heat taken by Mp = MpCp x 75 + MpCp bt-75) + MpL = Qp
" " " Mi = MiCp x 75 + MiCps (At-75) + Mi L = Qi
" " " Mg (gases) = MgCpg ^tg = Qg
Total = Qh
These heat values have been calculated using the above procedure and are 
shown in table 18.
Thus far, the heat releases at each operating level have been 
calculated, and its uses accounted for as shown in sub-section 3.1.4.2.
The masses entering and leaving the system have also been established at 
each level, while discrepancies in either heat or mass have also been 
dealt with. A mass and a heat balance tables can thus be drawn as 
shown in sub-section 3.1.5.2 and 3.1.6.2. respectively.
3.1.5. Mass Balance Considerations
3.1.5.1. The Process flow materials
The mass balance table is best developed by considering the individual 
elements entering and leaving the system, with N2 assumed identical at 
entry to and exit from the system. The elements to be considered are 
as given in the list below; while the mass balance table appears as
3.1.5.2.
IN
C from fuel 
H from fuel 
0 from fuel 
0 from air supply
H in HC 4
0 in H20 12
0 in C02 9
0 in CO 12
Xcess 02 12
Xcess 02 13
Reference Table OUT Reference Table
3 C/C 10
3 C in Ash 6
11 C in C02 9
11 C in CO 4
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3.1.6. Heat Balance Considerations
3.1.6.1. The Process Heat Loss and Gain
The heat balance table for the process is best developed by 
considering the heat absorbed at each level by the materials leaving
the system and which include the hot gases, the physical moisture and the
intrinsic moisture. The heat absorbed by the load, as well as the heat 
lost to radiation are similarly considered, while the total heat produced 
in the system is considered as< heat gain. The values for the heats 
gained or lost in the heat balance table are obtained from tables as 
shown below:
Heat Gain; Reference Table
Heat released by Combustion 14
Heat of primary air (preheat) 16
Heat Losses* Reference Table
Heat absorbed by Load 15
Heat absorbed by physical moisture 18
Heat absorbed by intrinsic moisture 18
Heat absorbed by hot gases 18
Heat lost by radiation 16
On the basis of the elemental flows shown in 3.1.5.1., the mass 
balance table is drawn as shown in 3.1.5.2., while on the basis of 
the heats gained and lost as shown in 3.1.6.1., the heat balance table is 
drawn as shown in 3.1.6.2.
Within limits of experimental and calculational error, the IN and 
OUT values in table 19 are respectively equal, and so too are the 
GAIN and LOSS values respectively equal in table 20.
3.2. Analysis of the Ward Cell System
Section 3.1. has established the general analysis of the crude 
results, and so has laid the basis on which further and more specific 
analysis can be carried out. This section,3.2.,uses the basis 
already laid out to consider:.
(1) The temperatures in the system
(2) The gas flows in the system, and
(3) Particle elutriation rates in the system
3.2.1. Temperatures in the System
The exiting temperatures, Te, for the hot gases have already been 
established in table 16, so that the temperatures, Tp, of the 
hot gases as they leave the combustion chamber can be established by 
considering a heat balance over the cell. The procedure for evaluating 
these temperatures using a heat balance has been worked out in Appendix 
Bl, while the temperature values, Tp, thus obtained are shown in table 
21. The Tp values in table 21 show that in a few cases at Pn = 40kw and 
at nearly all cases at Pn = 50kw, the temperature is^>1200°C, the approx­
imate fusing temperature of the ashes as noted in Sugar y Azucar (1976).
It was stated in sub-section 3.1.2.2. (iv) that some fusion of the ashes 
did take place at Pn = 40kw and at Pn = 50kw. This has now been 
confirmed theoretically by some of the Tp temperatures in table 21 at 
these levels, thus confirming also the validity of the methods of 
calculation used in this work.
3.2.2. Gas Flow Patterns in the System
For any flow process, such as the one under consideration, it is 
necessary to evaluate the material flow velocities of the process, in 
this case the velocities of the hot gases through the system. By 
obtaining the gas velocities, the Reynold's Numbers, NRe, of the 
system can also be evaluated. Another important parameter whose values 
may be of help in the general understanding of the process under
s \s
consideration is the residence time, L , which gives an indication of the 
length of time the hot gases remain in the process stream.
The velocities of the hot gases, the Reynold's Numbers, as 
well as the residence times have all been calculated using the 
procedure shown in Appendix B2, while their values thus obtained are 
shown in table 23. Table 22 shows the values for various quantities which 
had to be evaluated first before being able to evaluate the 
three quantities mentioned above.
63.
Another important area which has to be investigated when dealing 
with processes like the one under consideration is particle elutriation 
behaviour which can indicate how much of the fuel is being 
lost as a result of the velocity of the gases, and hence indicate whether 
or not there is a need for collecting the lost fuel by elutriation.
Since the Reynold's numbers, the hot gas velocities as well as the 
residence times have been established, it is logical that elutriation be 
considered next, and this is done in section 3.2.3.
3*2.3. Particle Elutriation Rates in the System
Experiments were carried out during the course of this work to 
determine the particle sizing of the bone dry bagasse fuel by sieving, 
as well as an evaluation of its elutriative behaviour in an air-stream 
environment. Although 'cold models' were used, it is hoped that these 
findings will give an approximate indication of the behaviour of the fuel 
under true combustion conditions. The experiments and the findings are 
given in the next sub-sections.
3.2.3.1. Size Distribution in Bone Dry Bagasse
(i) Experimental Determination
Ex-mill bagasse, when bone dry, varies widely in length from> 20mm 
to <. 53mm for the very fine particles. Three bone dry bagasse samples 
were weighed separately before each was subjected to sieving in turn.
The mean results of the sieving process showed the size distribution 
of the bagasse to be as in table 24.
Table 24 appears to indicate that bagasse always has a diameter of 
less than 11.20mm. This is not quite true because the length or 
diameter of bagasse is determined not only by the cutters and crushers 
in the mill, but also by the method of drying and handling so that fibre 
lengths greater than 11.20mm can be encountered. However, the lengths 
or diameters of interest in table 24 are those very small ones which are 
also the most likely to be blown out during combustion. For this reason 
the above table is considered valid. The results of table 24 are best 
understood if they are represented as shown in graph No. 1. The hot gas
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velocities through the system have already been evaluated, and it is these 
velocities at each operating level which are to be compared with the 
fine bagasse particles represented on graph no. 1 to see if they could 
have been elutriated. The char and ash particles are similarly considered 
in sub-section 3.2.3.1. (ii).
(ii) Theoretical Elutriation Considerations
Analysing the behaviour of bagasse particles in an air stream can 
present problems since some very long fibres, large bulky material, and 
fines can all be mixed up together. The fines are usually of very small 
diameters, usually coming from the pith part, and are the ones whose 
diameters are represented in graph No. 1. The very thin long fibres and 
the large bulky material are assumed to be oversizje for the sieving 
process in this work, although a few fibres might go through, depending 
on their disposition on the sieve tray. Assuming the fines are spherical
as well as the char and ash particles, a treatment of these particles
has been carried out using the procedure given in Appendix B.3. The 
values thus obtained for the terminal velocities of the particles are 
shown in table 25.
It is worth noting that neither appendix B3 nor table 25 contains 
anything about the bagasse fines. This is because this part of the 
section is dealing with a true combustion process for which the Tp 
temperatures are well above the charring temperature for the bagasse, 
noting that bagasse starts charring at as low a temperature as 150°C.
Thus it may be assumed that all the elutriated particles are either char
or ash, with no elutriation of uncharred bagasse. In Appendix B3
as well as in table 25:
Uta = terminal velocity of ash particles
Utc = terminal velocity of char particles
U = mean linear velocity of the hot gases through the gas passage
Dp = Diameter of particle (ash or char)
Graph No. 2. has been plotted using Ut and Dp values from table
25 so that a Ut vs Dp plot can give the profile of the ash and char
particles with regard to the possibility of their elutriation by the
hot gases. U is not a function of Dp, but it appears on the_graph
in order to indicate Ut values which are less than/equal to 0, thus
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also establishing the particle sizes which can be elutriated at Ut ^  U.
Graph No. 2 shows Uta vs. Dp and Utc vs. Dp. From these two plots 
the following concujsions can be drawn:
(a) U t a ^  U at DpQ = 50/Yim so that all ash particles having a diameter
^ 5 0  A m  can be elutriated by hot gases since the terminal velocity, Uta,
-1for ash particles with diameter = 50/ h m is UtQ = U = 0.144 ms . Ash 
particles whose diameters a r e >  50/y\ m will therefore remain in the 
furnace.
(b) Utc^ U at Dpc = 375/n m so that all char particles having a 
diameter^ 375/y\ m can be_elutriated by the hot gases since the 
terminal velocity, Utc = U = 0.40ms“*. Char particles whose diameters 
are >  375/hm will therefore not be elutriated.
(c) The findings in (a) and (b) above show that the particle diameter 
range in which char particles can be elutriated is very large from near 
zero to Dp = 374/vj m, compared to the very short range for ash particles.
It has already been noted that some of the temperatures in the higher power 
levels are above the fusion temperature of the ashes. The chances for 
any ash particles to be elutriated in these high temperatures is very low, 
since the ashes become cohesive at or near their fusion temperatures.
3.2.3.2. Actual behaviour of Bagasse in an Air Stream
(i) Cold Model Experiments
A series of experiments was carried out by blowing air through a 
glass, bed containing a known weight of bagasse. The volumentric air 
flow rate was varied, while the weight of bagasse, usually fines, blown 
off was noted at each flowrate. The diagramatic set up was as shown
below
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It was observed that very few fines were blown out even at relatively 
high flowrates, and that the fines usually accumulated in bundles within 
the bulky fibrous material, thus being prevented from elutriation, while 
others accumulated on the bed walls thus offering a very smooth piston-like 
behaviour to the rest of the bulk. At some velocity Ut^ , the bagasse 
bulk rises up the bed like a piston-thus behaving like one large 
cylindrical particle. The results of this investigation are shown in 
table 25.
The results in table 25 are plotted as graph No. 3 so that the
particle diameters of fines elutriated can be compared with plot (3)
of graph no. 2. It is clear from graph No. 3, that the bagasse bulk is
elutriated at a bagasse bulk terminal velocity, Utbe, which is just
Ut = 0.338ms“*. Thus Utbe corresponds to a bagasse fines particle
of about 275^m (from graph 2 plot (3)). It is also worth noting that
the bulk elutriation occurs when the packing density of the bed is 9.846 
_2
kgm . If it is an intrinsic characteristic of bagasse to elutriate in 
bulk at about the terminal velocity of some bagasse particle of diameter 
Db^/vun, then a plot of bagasse bulk elutriation velocity, Utbe vs Dbe, 
should be a curve with no maxima.
Consider a packed bed of cross-sectional area A, containing a 
bagasse mass M kg, and an air velocity Ums“* through the bed so that
M -2
P^ > = 7T * where = packing density.
Let the packing height in the bed be hm, such that a unit area of
3 3packing contains hm of bagasse viz 1 x 1 x h = hm .
Let the diameter of a bagasse particle whose volume is hm be Dm 
so that the volume, V, of the particle is given by:
1 3V = F  IT D = h
Vior D = (6h/tf) = diameter of a bagasse particle having ao
volume = hm . But M = £ b  Ah where 6  ^- bulk density of bagasse.
or h = M/£bA.
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Hence, a bed packed so that the packing density is P^  will 
elutriate in bulk at about the terminal velocity, Ut, for which the
equivalent particle diameter of the packing c^ensity is Dbe which is
±
given by: Dbe = (6P1T /& b Tf )3.
A graph of Utbe is shown as graph No. 4 where Utbe is the bulk 
elutriation terminal velocity. The values on the graph have been 
obtained by giving Pp , and hence Dbe, values from zero onwards so 
that Utbe = [3gcDbe(^ p)]2 as shown in table 27. The first five I£> 
values after D^ = 0.0600 refer to the actual packing in the combustion 
experiments of this work; while the area shown was the true base area 
of the Vard cell.
(ii) Consequences of the Bulk Elutriation Terminal Velocity
It is clear from graph No. 4 that the very lower part (uncompleted) 
of the graph represents graph no. 2 plot 3. The only difference 
between the two is that curve 4 is much much steeper than curve 2 Plot 3; 
indicating that relatively high combustion air velocities are required 
to reach the level of curve 4. The other difference is that curve 4 is 
based o n £ p  at 25°C for obvious reasons, while in plot 3 ^ p  is the actual 
density of the flue gases. Had flue density been used for No. 4, the 
graph would have been even steeper since Utb0 would have been nearly double 
the indicated values in table 27.
In an actual experiment in which air is blown through a bed of 
varied packing in which all fines blown off are collected and sized, 
various values of Ut^ , Utp, Ux and Us could be obtained. A plot of 
each against Dp would then give a profile of the form shown »n
~n d3 =
6
.’. TP3 =
6
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Figure 8: Where: Dp = particle diameter
Utbe = bulk elutriation terminal velocity
Utf = terminal velocity for fines 
Ux = excess combustion air velocity
Us = Stoichiometric combustion of air
Hence, the stoichiometric combustion air velocity, Us, and the excess 
combustion air velocity Ux, are always below the Utf curve so that only 
the very fine and few particles will be elutriated. If for any reason, 
excess air supply equals the Utf value, no bulk elutriation would take 
place, and hence operations can still continue. The Ut^e vs. Dp curve 
therefore sets the limit above which combustion air supply would blow 
off the packing. As it will be established in Chapter 4 later,the 
optimum excess air, for best results, is only in the range 25 - 35% so 
that in fact even the Ut^ curve is never reached in a real combustion 
process. Since the Ut^e is easy to determine, it is very safe to supply 
combustion air at well below this value. Hence, U t ^  sets the limiting 
combustion air velocity for a bagasse combustion process.
The graphical-cum-diagramatic plot of figure 8 represents the true 
profile for only a very short time since several processes set in as soon
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as the bagasse fuel is put into tne not Turnace* pruue^t^ m u u u c .
Pyrolysis - this occurs as soon as the fuel is placed in the bed, and 
the temperature range for its completion is usually about 150°C to 900°C so
that pyrolysis will occur only partially if the bed temperature is not hot 
enough. The net effect of pyrolysis is the loss of volatiles, with a 
consequent lowering of bulk density of the left over char which still 
almost retains the original shape, volume and bulkiness of the raw bagasse 
before pyrolysis.,
The second process is combustion: As soon as char is formed, it breaks
up under pressure from the incoming combustion air/gases, thus reducing 
its overall volume and simultaneously increasing its density to . The 
char formed then burns provided the bed temperature is high enough while 
simultaneously breaking up further into char fines. Hence an elutriation 
of the char particles, which do not chance to burn even after going through the 
system, will usually exit as char particles since the charring temperature 
is very low, about 150°C. The bagasse behaviour represented by 
graph 4 may therefore be summarised as shown in the diagram below.
The density &  , in fig 9 refers to different phases of the fuel as 
it changes through the various processes'so that at the extreme right hand 
column, the density falls as it changes with time from ash density to gases 
density. The density of the gases, however, increase with time as they 
cool down while exiting.
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(iii) Physical Explanation of Bagasse Behaviour
The behaviour of bagasse, as noted earlier, is due to its physical
nature. The large bulky fibrous material clings to the walls of the
bed, thus offering high resistance forces. The fines, however, by 
clinging to the walls as well, : act : as a lubricant to reduce
friction between the bagasse bulk and the walls. In this way, the force 
required to push the bulk upwards has to overcome not only the weight of 
the bagasse bulk, but also the reduced force due to friction on the walls 
and hence the piston-like behaviour noted. The surface roughness of 
glass is much smaller than for the refractory walls of a furnace, so that 
the frictional resistance forces between the bagasse bulk and the bed 
walls will be significantly greater. Hence, the Utb0 in an actual
combustion process may be very large^and-thus increasing the limiting
•**
combustion air supply velocity through the bed.
It was stated at the beginning of this chapter that section 3.1.
was aimed at laying the general basis upon which more specific analysis 
of this work could be based. Section 3.2. has been one : such analysis 
based on section 3.1. The most important and specific analysis in 
this work, the dependent variables, can now be considered in chapter 4, 
by drawing on the analyses already established in sectiorp3.1. and 3.2.
4. CONCLUSIONS AND RECOMMENDATIONS
4.1. CONCLUSIONS
The objectives of this research have already been discussed in chapter 
one, while the methodology and the equipment used in carrying out the 
experimental work were set out in chapter two. The general and specific 
analyses of the results have been carried out in chapter three, 
so that it is the purpose of this section,4.1, to deduce the relevant 
conclusions from the preceding chapter, and to make recommendations, 
section 4.3., for further work in the same field. These conclusions will 
.best be considered by evaluating each parameter of interest in turn 
as shown hereunder.
4.1.1. The OOP and the Overall Heat Transfer Coefficient U
(i) The power rating of the boiler (OOP) can be established from 
table 10 by plotting nominal power, Pn, against % carryover carbon as 
shownon graph No. 5. Several conclusions can be drawn from graph No. 5:
(a) The % carryover carbon decreases with increasing nominal power up to 
a minimum at Pn = 54kw when % carryover carbon is theoretically zero.
As will be seen later, Pn = 54kw is the optimum operating power (OOP) of 
the boiler where % carryover carbon is minimum, combustion efficiency,
£  , is maximum, and the rate of heat transfer, Qw to the load is also 
maximum. % carryover carbon increases again beyond the OOP as graph 
no. 5. shows.
(b) From the graph, at Pn = 0 the % carryover carbon is 78.5% This means 
a limiting % carryover carbon exists above which the boiler cannot be 
operated; and the value is 78.5%
(c) From table 14, the combustion efficiency, ^  , is plotted against 
nominal power as shown in graph no. 5. The graph shows that the 
maximum value for %  occurs at Pn = 5^kw (= OOP) as noted in 4.1.1.(i )(a).
(ii) The overall heat transfer co-efficient u ,  plays an important 
role in determining the rate of heat transfer, Qw, to the load. However, 
before its role is analysed in greater detail, it is important to
CD.
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investigate briefly how the overall thermal efficiency, Eo, and the heat 
transfer rate, Qw vary with nominal power so that any important 
conclusions are drawn first.
(a) Graph No. 7. shows a plot of Eo versus Pn, from which it can be 
concluded that Eo is not necessarily a maximum at the OOP since Eo = f(Qw) 
Where Qw is determined by U which is itself not a direct function of either 
Po or Pn.
(b) Graph No. 8, however, shows Qw, plotted against Pn; and the following 
conclusions can be drawn from it:
(i) A linear relationship exists between the heat transfer rate and the 
nominal power so that Qw/Pn = constant = En. Hence, the thermal efficiency 
En, varies linearly with Pn, while Eo does not because it is based on Po 
which depends on operating conditions which may not be uniform.
(ii) An extra-polation of graph No. 8 would cross the power line at 
Pn = (4kwj where the rate of heat transfer to the load, Qw = 0, This is 
a significant observation which fixes the lower operating power of the 
boiler below which no heat transfer to the load would take place, all 
the heat liberated by combustion being lost to the surroundings.
(c) It has already been mentioned that the overall heat transfer 
coefficiency, U, influences the rate of heat transfer Qw, and therefore 
also the overall thermal efficiency, Eo. The overall heat transfer co­
efficiency values at different air levels at 50kw have been evaluated in 
Appendix Cl leading to table 28.
Table 28 shows that the overall heat transfer coefficient U is
a minimum at air ratio 1:0 where U and 9m are maxima, so that the hot
gas velocities do not appreciably enhance the heat transfer coefficient.
Thus, the heat transfer rate, Qw is not enhanced by the magnitudes of the
2 - 1U or 6m. The table further shows that U is a maximum at 53.10 Wm K , 
at maximum NR0 and minimum % carryover carbon (table 29). However, 
maximum Qw does not occur at maximum U, but at an intermediate value of
U at which U is minimum, NRe is intermediate, carryover carbon is near
minumum and 0m is also intermediate. These conditions occur at air ratio 
hi where Qw is a maximum at 29.0 KJ. Hence, the conditions for
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obtaining maximum heat transfer to the load should be those at which the 
overall heat transfer coefficient is optimum at minimum carryover carbon, 
minimum gas velocities for which the Reynold's number is intermediate, 
and an intermediate 0m value. The only parameter which rises with U in 
table 28 is NRe, while carryover carbon decreases with increasing U, so 
that U = f(NRe/C/C). Thus, at some intermediate value of NRe and C/C 
the optimum value for U occurs when Qw is a maximum at some given operating 
conditions.
Apart from the above deliberations, UA can also be increased ipso 
facto by increasing the heat transfer area A in the relation Qw = UA Gm by 
design. One way of increasing A without changing the mean gas passage area is PY 
providing an irregular surface on the heat transfer side of the pans so that 
the surface has many protrusions dipping into the heating fluid.
However, increasing A in anyway at all would lower the exiting temperature 
Te, which would in turn affect 0m by lowering it since the numerator as 
well as the denominator of will both be lowered. Hence, any
increase in A is likely to affect Qw exponentially rather than linearly.
Another way of increasing the transfer area A is by redesigning the entire 
load portion so that it is converted into a true countercurrent heat 
exchanger with tube bundles. Care would then have to be taken since 
superheated steam could be formed in the heated load tubes so that sugar would 
eventually be deposited in the tubes as the steam leaves the exchanger as .steam 
rather than water.
4.1.2. Utilizability of Stack (Spent) Gases
4.1.2.1. Drying the Fuel
Table 18 shows that a substantial percentage of the total heat 
generated at any power level is taken away by the exiting hot gases 
(including moisture). This heat loss increases with increasing power so 
that at Pn= 50kw (near the OOP), the losses in this way average 34.4% of the 
total heat generated. The physical moisture of the fuel could therefore 
be reduced or eliminated completely before combustion by a drying process 
using these waste heat gases. According to table 18, for all power 
levels, the heat loss to the intrinsic moisture and the hot gases is 
more than double the heat required to dry the fuel completely viz. (Qi +
Qg> 2Qp).
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The amount of savings in fuel which can be realised if the wet fuel is 
pre-dried using the waste heat of the spent gases has been worked out in 
Appendix C2. The calculations show that up to 10.7% of the fuel can be 
saved in this way so that a mill burning 1000 tons of bagasse per day will 
only need to burn 893 tons per day to generate the same amount of heat if 
pre-drying is done. This is an economically important observation which could 
go a long way in solving the high operating costs of sugar mills as noted 
in chapter two earlier.
4.1.2.2. Pre-heat of the Primary Air
The calculations noted in Appendix C2 have been used further to derive 
the final exiting temperatures, Tp, of the spent gases after the pre­
drying process of the wet fuel. Table 2<J shows these temperatures as well as 
the original Te temperatures for comparison purposes.
A closer look at table 29 shows that the new exiting temperatures, Tp, 
are still high even after pre-drying the fuel completely, so that these gases 
could further be allowed to preheat the primary air in a countercurrent manner 
before they are allowed to disappear.
The calculations in C2 show one other important finding, and that is 
that if the fuel is not pre-dried, the physical moisture takes away more heat 
than the heat required to vapourise it off the fuel during the pre-drying 
process. This is also because in the absence of pre-drying the physical 
moisture will exit with the other hot gases at temperature, Te; whereas if 
there is a pre-drying process before combustion of the fuel, the physical 
moisture will only need enough heat to vapourise it off at 100°C.
4.1.3. Primary:Secondary Air Ratio Effects
4.1.3.1. Effects on carbon carryover and %
(i) In order to evaluate the effects of air distribution on carbon 
carryover, values at 50kw 54kw = OOP) will be used so that carbon 
carryover, air ratio and stoichiometric air supply appear as fig. 10.
In Figure 10 (over), the combustion air has been given in terms of
3 - 1stoichiometric supply in m sec so that, for example, 0.80/0.34 means
0.80 of stoichiometric supply was through primary pipe while 0.34 of
*3
Combustion a i r  
as r a t i o s  
o f  stoicQmetric 
s u p p ly  H
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FIG 10
stoichiometric air supply was through tne secondary pipe.
A number of conclusions can now be made from the figure 10 above:
(a) When there is no secondary air supply viz* at air ratio 1:0 and 
combustion air 1.22 stoichiometric, the carbon carryover is a maximum
at 2.21 x 10"\gsec“* . This observation can be explained, ref. fig 5, 
in that much of the char and some volatiles burn in the freeboard, 
and since there is no secondary air, the combustion of the char fines 
is inhibited: and hence most of it exits with the hot cooling gases.
(b) The carbon carryover is a minimum at air ratio 2:1 and combustion 
air 0.85/0.53 stoichiometric at 0.41 x 10"^ kgsec This observation
is explainable in that, at this air level, there is a lot of secondary
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air, 0.53 of the stoichiometric supply, so that the chances of char fines 
e x i t i n g  through the freeboard uncombusted is minimum. However, 
as will be seen i n  4 .1.3.1.'(ii), although a lot of secondary air enhances 
c o m b u s t i o n ,  it also has a cooling effect so that the highest temperatures 
and heat transfer rates occur at air ratio 1 4 .
(c) Air ratios 1.4 and 1:1 have effects on carryover carbon that are 
in between those of air ratio 1:0 and air ratio 2:1 as can be seen in figure 
10.
(d) A further evaluation of figure 10 shows that the overall effect 
of apportioning combustion air into primary and secondary is to reduce 
the carryover carbon by between 70% and 81%, provided the total 
combustion air apportioned is between 1.14 and 1.38 of the stoichiometric 
demand such that the resulting air ratios are between 1 4  and 2:1 respectively.
The effects of primary: secondary air distribution on £  can also be 
v investigated by using a similar figure to figure 10. Values at 50kw from
table 14 will be used
Com bustion
A ir  as r a t i o  
of S t o ic h ic  
M e t r i c  Supp.9 9 -6
9 9 -5 X X X
97*6 iXXXX X X X X x x x x x x x x x x x x x x x x x w  1 *2 2 /0
92*5
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In figure 11 (over) the stoichiometric air supply has the same meaning 
as in figure 30, while §  (Po/Pn) is expressed as a percentage. Several 
conclusions can be made from figure 11 above:
(a) The values of £  at air ratios 1 4  and 1:1 are virtually 
indistinguishable, so that maximum combustion efficiency occurs when
the combustion air is apportioned between 1.14 and 1.20 of the stoichiometric 
supply so that the resulting primary:secondary air ratio lies between 1 4  
and 1:1 respectively.
(b) Combustion air supply above 1.38 (0.85 + 0.53) of the 
stoichiometric amount has a decreasing effect on the combustion efficiency 
which is 92.7% at this level when the combustion air is apportioned so
as to form a primary secondary air ratio of 2:1. This is an interesting 
observation since it was noted from figure 10 that an air ratio of 2:1 gives 
the minimum carryover carbon. These conflicting observations on air 
level 2:1 can be explained since:
(1) It has already been pointed out with regard to figure 10 that 
the excess 0^  at this level enhances combustion of char fines in the 
free-board and thus reduces the carryover carbon to a minimum.
(2) The excess air, 1.38 of stoichiometric supply at this air level 
has a cooling effect on the combustion materials as a whole so that even 
the Tp temperature (table 21) at this air level is relatively
low at 983°C. Since carbon burns at high temperatures, then the overall 
cooling effect of this excess air is to impede combustion of bulk carbon 
in the furnace while enhancing char fines combustion in the freeboard.
Hence the air ratio 2:1 enhances combustion of char fines thus 
reducing carryover carbon to a minimum while simultaneously impeding the 
rapid combustion of bulk carbon in the furnace, thus reducing combustion 
efficiency.
(c) By apportioning the air into primary and secondary, the 
combustion efficiency is increased by about 2% only if the total 
combustion air is between 1.14 and 1.20 of the stoichiometric amount, 
and is apportioned so that the primary .-secondary air ratio lies between 
1 4  and 1 :1.
(d) Following the evaluations from figures 10 and 11, the conditions 
for maximum combustion efficiency and minimum carryover carbon occur when 
total combustion air supply lies between 1.14 and 1.20 of the stoichiometric 
amount so that the primary: secondary air ratio lies between 1 4  and 1:1 
under these conditions, the maximum combustion efficiency,% = 99.55%, 
while the carryover carbon is reduced by 70% (ref. 4.1.3.1.(i)d) or in 
terms of total carbon feed (ref table 10), the carryover carbon becomes 1.1% 
(30% of 3.6%) of the total carbon feed.
4.1.3.2. Effects on Heat Transfer and on Eo
In order to investigate the effects of primary secondary air 
ratio on heat transfer to the load and on the overall thermal efficiency, 
it is necessary to evaluate the overall heat transfer coefficient, U, 
at two air ratios and see how U varies at each power level. Air levels 
2 and 3 ( 1 4  and 1:1 respectively) have already been noted as being the 
best and the next best respectively for maximum heat transfer, and will . 
be used. Table 30 has been drawn to ease the investigations on U.
Table 30 shows that:
(i) Generally,.the effect of power on U at any air ratio is to raise
U with rising power up to a maximum U at 50kw (near OOP). As U rises with
• ^
power, so too does the heat transfer rate, Qw, (ref. Table 1^ ). However,
although Qw rises with U, Eo does not rise similarly, and this has to do
with Po which is not influenced by changes in U. After the OOP, both U and 
•
Qw start falling.
(ii) The change in U,Z\U, according to table 30, between air ratio 
1 4  and 1:1 is positive at lower operating power levels viz. 20kw and 
below, negative in the intermediate power range (20 to 40kw) and positive 
again at 50 (near OOP) and immediately after. According to Table 28, both 
ZiQw and^i Eo change sign as A  U changes sign, so that an increase say, 
in U also apparently means an increase in Qw and Eo, although for the 
latter case the increase is haphazard due to Po not being a function of
U. The overall effect of primary secondary air ratio ooA U,z4Qw and/> Eo 
at given power ranges can therefore be summarised in figure \% as a 
crude sinusoidal change as shown.
The effect of primary:secondary air ratio on U, Qw and Eo as portrayed
by figure 12L can therefore be summarised thus: The primary:secondary
air ratio in a combustion process has the effect of raising the overall 
heat transfer coefficient, the heat transfer rate to the load, and the 
overall thermal efficiency at both the lower and upper (around the OOP) 
operating power levels. The ratio, however, has a negative effect on the 
three parameters in the intermediate operating power levels.
4.1.4. Effects of Excess Air on C/C, <g>, Qw, Eo and Tp.
In order to evaluate the effects of excess air on the parameters shown 
above, it is necessary first to note that the combustion air supply 
(total) for air ratios 1:0, 1:{, and 1:1 are equal; while the total air 
suppty for combustion at air ratio 2:1 is 1.38 of the stoichiometric supply 
compared to 1.22 for the others. Since the effects of apportioning the air 
supply have already been dealt with, and since the air ratio l:i has 
already been established as the best air ratio for the combustion process, 
it is necessary to take this air ratio as the basis and evaluate what 
happens to C/C, £> , Qw, Eo and Tp. Table 31 shows the values for each of 
the parameters to be considered.
From Table 31 the carbon carryover is a minimum, and this is 
advantageous. However, all the other parameters are lower than those at 
air ratio 1:£. In particular the temperature Tp is very low, and this
88.
\
is true for virtually all the other power levels (ref Table 21) at the air 
ratio 2:1.
The following conclusions can be made with regard to excess air:
(a) Excess air has the effect of reducing the carryover carbon to
a minimum, as well as, disadvantageously, the temperature, Tp of the gases.
(b) From what has already been found out in 4.1.3., the excess air 
for best results is 22% by volume of the stoichiometric demand, while up 
to 38% by volume should be used if minimum carryover carbon has to be 
attained.
4.2. Summary of Conclusions
The background leading to this work has already been discussed in 
chapter one, including an extensive literature survey, while the equipment 
and methodology used for this work has been discussed in chapter two.
An analysis of the results has been done in chapter three, while section
4.1. has endeavoured to draw general conclusions from the results analysis, 
so that it is the aim of this sub-section to present a summary of these 
conclusions in a brief orderly manner as outlined hereunder.
1. The optimum operating power (power rating) has been found to occur 
at 54kw at whicfi % carryover carbon is theoretically zero, % combustion 
efficiency is-9#r&% and the heat transfer rate is also maximum at which
the overall thermal efficiency is a maximum at
oJhryJc & O
2. A maximum carryover carbon limit exists at 78.5% of the total 
carbon feed above which the boiler cannot be operated as power available 
to the load approaches zero.
3. A minimum nominal power exists at Pn = 4kw at which the heat 
transfer rate Qrf, = 0  so that no heat transfer to the load will take 
place at or below the minimum nominal power.
4. The heat transfer rate, Qw, has been found to vary linearly with 
nominal power, Pn, so that the nominal efficiency, En, also varies linearly
with Pn. The overall thermal efficiency Eo, does not, however, vary linearly 
with Pn.
5. Pre-drying of the wet fuel before combustion by using the waste heat 
in the spent hot gases can save up to 10.7% of the fuel.
6 . After the pre-drying process of the fuel, a lot of heat still resides 
in the hot gases with final average exiting temperatures of Tp = 280°C
so that these gases can further be used to preheat the primary air before
being allowed to waste.
7. The physical moisture in the wet fuel takes away more heat from the
combustion process than the heat it would require to vapourise it off 
from the fuel at 100°C in a fuel pre-drying process.
8 . Maximum carryover carbon*14.6% of total carbon feed,occurs when optimum 
combustion air supply, 1.14 - 1.20 of stoichiometric demand, is used as 
purely primary supply with no excess air above the optimum stoichiometric 
requirement.
9. Minimum carryover carbon, 2.7% of total carbon feed»occurs when excess
air supply is 38% above the stoichiometric demand, provided the total
combustion air supply is apportioned so that primary:secondary air ratio
= 2:1.
10. The overall primary secondary air ratio effect is to reduce the carry­
over carbon by 70% to 81% when the combustion air supply is 1.14 to 1.38
of the stoichiometric demand.
11. The best operating conditions for the boiler for a maximum output of
^  , Qw, and Eo, and a near minimum of carryover carbon is an air
ratio in the range of I A  to 1:1 for a total combustion air supply in the
range 1.14 to 1.20 of the stoichiometric demand.
12. The combustion efficiency, ^ , is increased by( by dividing the
combustion air into primary and secondary supply.
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13. Maximum heat transfer rate, Qw, occurs at the air ratio l:i when the 
total combustion air is 1.14 of the stoichiometric demand; and coincides 
with the maximum overall thermal efficiency Eo = 59%.
14. The heat transfer rate increases by 16% for a total combustion air of 
1.14 of stoichiometric supply at an air ratio of l:i, compared to an 
equal amount of combustion air but at an air ratio of 1:0. For the same 
conditions, however, Eo increases by only 8%.
15. Excess air supply above the optimum combustion air supply of 1.14 of 
the stoichiometric demand has no positive effect on Q*ior Eo, but lowers 
the carryover carbon to a minimum.
16. Excess air supply above 1.38 of the stoichiometric demand has a 
lowering effect on %  and on Tp thus also adversely affecting Qw and Eo 
since Tp is related to Qw by the heat transfer equation.
17. Conditions in the combustion process can also affect the heat transfer rate 
since the overall'heat transfer coefficient U is influenced by s.ucn parameters 
as carryover carbon, fluid flowrates and temperature; while tn'a temperature 
difference, A  T, in Qw = U A A T  is itself a function of the combustion process.
18. A summary of the conclusions 1 to 17 indicates that the optimum 
operating conditions for a boiler like the one used in this work are:
Air Ratio = 1:{ and
Excess Air = 22% of stoichiometric demand so that:
4 . 0 %  C/C> 2.7; 99.5>SS^> 92.5; 6 0 > %  Eo> 57.
19. Ash and char particles of diameters less than 50mm and 375mm respectively 
are elutriated.
The summary of conclusions cited in this section applies to the 
particular type of boiler used in this work. Thus these conclusions are 
therefore specific to a particular type of equipment. However, the qual­
itative arguments may be applicable to other types. The basic working 
materials in this work has been sugar cane bagasse, so that the basic 
question which might be asked, "Is bagasse the only industrially produced
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lignocellulosic which can be used for energy production etc." is answered 
in section 4.3. which deals with a lignocellulosics field survey carried 
in Tanzania from November 1983 to February 1984.
4.3. Other Industrial Lignocellulosics with Potential as Energy Sources
(Based on Industrial Biomass Survey in Tanzania from November 1983 
to February 1984).
It has already been mentioned in chapter one that bagasse is not the 
only lignocellulosic waste which is produced industrially in quantity.
It is sheer coincidence that bagasse happened to be used for energy 
purposes at its place of production, thus giving it the prominence it now 
enjoys. It is the purpose of this section to conclude this work by showing 
that many other lignocellulosic wastes are produced in quantity industrially 
not only in Tanzania, but in many other parts of the world, and that 
these by-products could just as well have been used for energy purposes 
at their places of production if only early energy planners had not under­
ated them at the expense of fossil fuels. In order to highlight these 
other by-products, a selective industrial biomass survey was carried out 
in Tanzania by the present author between November 1983 and March 1984.
The purpose of this survey was to indicate the energy potential these other 
by-products have by working out their intrinsic energy values, their potential 
petroleum energy equivalence, and the financial savings which could be 
made if they were used as energy sources.
The survey was carried out using a Questionnaire, Appendix D, which 
was dispatched to some 100 factories using forestry and/or agricultural 
products as their primary feed. The names of the factories were 
obtained from TISCO's "Tanzania Industrial Directory (1983)" which lists 
most of the manufacturing concerns of all types operating in the country.
The 100 factories which were sent the questionnaire are not by any means 
the only ones processing agro-forestry products* They were chosen at 
random, and of those surveyed, 61 of them replied to the questionnaire. 
Village and farm-level agro-forestry processings were not surveyed.
The responses from the factories have been analysed, and various 
deductions made so as to appear as Table 32. The feeds into the 
factories were divided into three similar groups viz. grains, husks 
and woody fibrous materials. In this way, it was possible to estimate the
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CV(wet) of each group and hence calculate the approximate intrinsic 
energy of each of the lignocellulosic produced by each factory annually.
The estimates of the CVs were based on values supplied for some of the 
wastes by the factory engineers. Linder this scheme, grain wastes were 
given a CV(wet) of lQMJkg"*, husks (wet) 8MJkg“* (except for rice husks 
at 15MJkg"*), and 12MJkg-i for woody fibrous materials. These values 
might appear rather low, but they guarantee that subsequent calculations 
are conservative.
. Using the above criteria for CVs for the by-products, as well as the 
following equivalencies:
1 ton^ 7 . 4  barrels crude oil )
1 barrell #  42 gallons ) after Tlllman
1 ton petroleum equivalent(ltpe) = 10.8 x 10 Kcal)
lKcal =4187 Joules )'after Borzani
Crude oil price (1984 average) = 27 US$ per barrel, the tons petroleum 
equivalent of each by-product was calculated using the relation:
tpe = kWh x 1000 x 3600 (Joules)
10.8 x 10^ x 1000 x 4.187 Joules/ton
Where the numerator in the relation denotes the amount of energy, in Joules, 
available from the complete combustion of the by-product, and the 
denominator denotes the amount of energy available from the complete 
combustion of one ton of crude petroleum, while kWh in the relation is 
given by
KWh = Annual quantity of by-product (tons) x 1000 (kg) x group CVkJ x 1
3600 sec
The above relation then gave the tons petroleum equivalent for each 
by-product as shown in the Data sheet aforementioned. Using the 1984 
average crude oil price of 27US$ per barrel, the savings in US$, which could 
have been made on imported crude if the by-products had been utilized as 
fuel have been calculated for each by-product, giving a total annual 
saving of US$ 3,833,654. When bagasse is included this figure becomes 
US$ 10,991,489.
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For a developing country of Tanzania’s calibre, the nearly 4 million 
dollars is a lot of money which could have an important impact on the 
country's balance sheet. Yet this saving is only from a small section of 
the industrially produced byproducts. If all industrial lignocellulosic 
byproducts, as well as village and farm level residues were taken into 
consideration, the savings would be enormous, yet it still would not have 
included all forms of biomass. Good energy planning and proper 
conversiontechnologies could go a long way in helping solve developing 
countries energy problems. It is hoped that this sub-section will remind 
the reader, and particularly the energy planner at home, that there is a 
lot tfrat can be done to tap the energy sources which litter our entire 
countryside and urban centres. This section has served as a prelude to the 
conclusion of this work so that section 4.4. concludes the work by listing 
a few areas of related research interest encountered in the course of 
doing this work.
4.4. Recommendations
The work described here does not cover all that needs to be known about 
a boiler. In particular, a lot of research work remains to be done in 
order to establish its working, and the overall mechanisms by which the 
overall thermal efficiency and the heat transfer rate can be raised to their 
absolute maxima. The list below shows the related areas of research interest 
which might lead to better understanding of the Boiler.
1, When a wet fuel is combusted, the physical moisture takes heat from 
the combustion process and exits at the same temperature as the spent 
gases. At first it would appear that the effect of the physical moisture 
on the combustion process is a matter of calculation. However, when a dry 
fuel is combusted, the extra heat liberated as a result of having no 
physical moisture, does not all go to the load. An investigation is 
therefore necessary to establish the effects of the extra heat produced in 
the absence of physical moisture on the heat transfer rate sincej in the 
absence of data, efforts to eliminate the effects of physical moisture 
could well be trivial.
2. This work concerned itself only with the physical parameters of
the boiler, whereas the geometrical configuration of the boiler can 
have great effects on Qw and on Eo. There is therefore a need to
investigate the effects on and Eo of changing the geometrical 
configurations of the boiler with respect to:
(a) Angle of impingement of combustion air at the walls 
of the furnace
(b) Height of load above the constriction(mouth) of the furnace
(c) the flame length in the chamber
(d) the variation of hearth diameter
(e) the diameter of the hearth constriction
(f) the flue passage volume
(g) the pan lengths v/iz how long should the pans be so that as 
little heat is wasted to the exit ing hot gases as possible. .
3. There is also a need to investigate the effects of coolant (load) 
flowrate through the pans on Eo and Qw since turbulent and laminar flows 
have different effects on the heat transfer coefficient which is itself 
a functionof numerous variables including fluid viscosity, density, and 
velocity of the coolant relative to the pan walls.
4. It has already been mentioned in section 4.1. that the only parameter 
which can be physically manipulated in the heat transfer equation Qw = U A A T  
is the area of heat flow, A. The overall thermal efficiency of a boiler 
cannot be 100%, even if losses by radiation are negligable. There is
therefore also a need to investigate Qw w.r.t.A so as to establish the
optimum value for A for a given boiler.
All done and said, combustion experiments are difficult to 
monitor, and no less so to evaluate. A lot of pains, determination and 
encouragement are therefore necessary in obtaining good results and conclusions 
from such experiments.
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TABLE 2: CO and HC FORMED AT EACH POWER AND AIR LEVEL
Pn
kw
Air
Ratio
Weight of 
Gases in stack 
in 10 minutes 
(Kg)
Weight of CO 
in stack in 
10 minutes 
(Kg)
Weight of 
HC in stack 
in 10 minutes 
(Kg)
Weight of1 
CO Kg sec”
Weight,ofil6 
Kg sec”
20 1:0 5.702 3.421 X o-3 0 5.702 X LO'6 0
1 :i 5.693 2.277 X o"3 0 3.795 X 10'6 0
1:1 5.686 2.274 X 0”3 0 3.791 X 10'6 0
2:1 7.632 4.732 X 0"2 0 7.887 X LO'5 0
lx :0 9.709 7.961 X 0"2 0 1.327 X LO'4 0
30 1:0 8.650 4.325 X 0”3 0 7.208 X LO'6 0
1 :i 8.513 0 0 0 0
1:1 8.640 5.184 X 0"3 0 8.640 X 10"6 0
2:1 11.513 5.756 X 0”3 0 9.594 X 10'6 0
lx :0 12.268 8.477 X O”1 0 1.413 X 10'3 0
40 1:0 11.547 1.617 X o-2 0 2.694 X LO'5 0
1A 11.544 2.309 X 0"2 2.309 x 10'3 3.848 X LO'5 3.848xl0”5-
1:1 11.503 2.646 X 0“2 1.150 x 10"3 4.495 X LO"5 1.917xl0"6
2:1 15.382 1.692 X 0”2 0 2.820 X LO'5 0
lx :0 15.186 2.582 X o”1 0 4.303 X LO"4 0
lxx:0 17.919 5.376 X o2 0 8.960 X LO'5 0
50 1:0 14.349 7.748 X o”2 5.740 x 10'3 1.291 X 10'4 9.566xl0“6
1:* 14.318 1.088 X o”1 7.159 x 10'3 1.814 X 10'4 1.193xl0“5
1:1 14.334 1.247 X O”1 4.300 x LO'3 2.078 X 10'4 7.167xl0”5
2:1 19.093 3.055 X 0”2 0 5.092 X 10'5 0
60 1:0 16.449 1.892 X o”1 0 3.153 X LO'4 0
1 :i 16.522 2.792 X o”1 0 4.654 X LO'4 0
1:1 16.649 2.980 X o"4 0 4.967 X LO'4 0
2:1 21.693 1.559 X O'"1 0 2.599 X LO'4 0
TABLE 3: CARBON FEED AT EACH POWER LEVEL
Pn
kw
Dry Feed 
Kg/10 minutes
Dry Feed 
Kg/sec
C-Content
Kgsec"*
H-Content
Kgsec"*
20 0.8163 1.3605 x 10'3 6.0990 x 10‘4 9.0609 x 10’5
30 1.2245 2.0408 x 10‘3 9.1490 x 10'4 1.3592 x 10'4
40 1.6327 2.7212 x 10'3 1.2199 x IQ*3 1.8123 x 10‘4
50 2.0408 3.4013 x 10"3 1.5248 x 10‘3 2.2653 x 10'4
60 2.4490 4.0817 x 10'3 1.8298 x 10‘3 2.7184 x 10‘4
TABLE 4: CARBON CONTENT OF VOLATILES PER SEC
Pn
kw
Air
Ratio
Weight of C-Content 
from CO
kgsec"*
Weight of C-Content 
from CH4,
kgsec"*
Total C-Content 
in volatiles
kgsec"*
20 1:1 2.444 X o-6 0 2.444 X 10'5
1 :i 1.626 X o’6 0 1.626 X 10"6
1:1 1.625 X 0”6 0 1.625 X 10"6
2:L 3.380 X o"5 0 3.380 X 10"5
lx :0 5.687 X o-5 0 5.687 X IO"5
30 1:0 3.089 X 0“6 0 3.089 X 10"5
1 It 0 0 0
1:1 3.703 X O'6 0 3.703 X 10*6
2:1 4.112 X O’6 0 4.112 X IO"6
lx :0 6.056 X 0"6 0 6.056 X 10*6
40 1:0 1.155 X 0"5 0 1.155 X io-5
1 :i 1.649 X o'5 • 2.886 x 10"6 1.938 X 10'5
1:1 1.926 X o-5 1.438 x 10*6 2.070 X 10‘5
2:1 1.209 X o’5 0 1.209 X 10'5
lx :0 1.844 X 0“4 0 1.844 X 10'4
lxx:0 3.840 X 0“5 0 3.840 X 10"5
50 1:0 5.533 X 0"5 7.175 x 10"6 6.251 X 10'5
l:i 7.774 X o“5 8.948 x 10'6 8.669 X io-5
1:1 8.906 X o"5 5.375 x 10"6 9.444 X io-5
!i 2:1 2.182 X 0“5 2.182 X IO-5
60 1:0 1.351 X 0"4 0 1.351 X 10‘4
1:* 1.995 X o"4 0 1.995 X 10'4
1:1 2.129 X o"4 0 2.129 X IO"4
2:1 1.114 X o'4 0 1.114 X 10"4
TABLE 5: C-CONTENT IN C02 IN THE STACK GASES
Pn
kw
Air
Ratio
CO2 Formed 
kg/10 minutes
C0?
kgsec'-1
C-Content in C09
_i L
kgsec
20 1:0 0.348 5.800 X 10"4 1.582 x 0"4
1:* 0.359 5.983 X 10“4 1.632 x 0"4
1:1 0.347 5.783 X 10"4 1.773 x 0"4
2:1 0.450 7.500 X 10"4 2.045 x 0“4
lx :0 0.882 1.470 X 10“3 4.009 x 0"4
30 1:0 0.787 1.312 X 10-3 3.577 x 0"4
1 :i 0.698 1.163 X 10“3 3.173 x 0“4
1:1 0. 864 1.440 X IO"3 3.927 x 0"4
2:1 1.082 1.803 X IO"3 4.918 x 0"4
lx :0 1.130 1.883 X 10“3 5.136 x 0"4
40 1:0 1.478 2.463 X 10-3 6.718 x 0“4
1:± 1.374 2.290 X 10"3 6.245 x 0"4
1:1 1.587 2.645 X 10’3 7.214 x 0"4
2:1 1.877 3.128 X 10“3 8.532 x O’4
lx :0 1.294 2.157 X 10"3 5.882 x 0“4
lxx:0 0.842 1.403 X 10"3 3.827 x 0"4
50 1:0 1.908 3.180 X 10-3 8.673 x 0“4
l:i 2.119 3.532 X 10”3 9.632 x 0‘4
1:1 2.136 3.560 X 10"3 9.709 x 0"4
2:1 2.253 3.755 X 10“3 1.02A x 0“3
60 1:0 2.402 4.003 X 10'3 1.092 x O'3
\:i 2.449 4.082 X 10“3 1.113 x o"3
1:1 2.198 3.663 X 10"3 9.991 x o"4
2:1 3.009 5.015 X 10“3 1.368 x 0“3
TABLE 6: CARBON CONTENT IN THE ASHES
Pn
kw
Air
Ratio
Ash formed 
kgsec"*
Carbon Content 
in ash
kgsec"*
Carbon in Ashes 
total carbon feed
%
20 1:0 6.285 x 10'5 5.895 x IO"6 0.97
1 : *
II II ii
1:1 II II ii
2:1 II II ii
lx :0 II II n
30 1:0 9.388 x 10'5 8.844 x 10"6 0.97
1 :f II II ii
1:1 II II ii
2:1 II II n
lx :0 II II ii
40 1:0 
1 :i 
1:1
1.252 x IO"4
II
II
1.179 x IO"5 0.97
2:.l
lx :0
lxx:0
II
II
II
n
ii
50 1:0 1.565 x IO"4 1.474 x IO'5 0.97
1 :i II II ii
1:1 II II ii
2:1 II II ii
60 1:0 1.878 x IO"4 1.769 x 10"5 0.97
lit II II ii
1:1 II II ii
2:1 II II ii
TABLE 7: VALUES FOR CARRYOVER CARBON
Pn
kw
Air
Ratio
Values of Carbon 
from (ii)+(iii)+(iv)
kgsec’*
Carryover carbon 
(i)- t(ii )+(iii )+ 
(iv)J
kgsec’*
Carryover carbon 
total carbon feed
%
20 1:0 1.665 X o"4 4.434 X 10’4 72.7
1:* 1.707 X o’4 4.392 X 10”4 72.0
1:1 1.848 X o"4 4.251 X 10“4 69.7
2:1 2.442 X o’4 3.657 X 10’4 60.0
lx :0 4.636 X O’4 1.463 X IO"4 24.0
30 1:0 3.696 X O’4 5.453 X IO'4 59.6
1:* 1.720 X 0"4 7.429 X 10’4 81.2
1:1 4.052 X O’4 5.097 X IO"4 55.7
2:1 5.048 X O’4 4.101 X 10’4 44.8
lx :0 5.285 X O’4 3.864 X 10’4 42.2
40 . 1:0 6.951 X O’4 5.248 z 10“4 43.0
6.557 X O’4 5.642 X 10’4 46.2
1:1 7.539 X O’4 4.660 X IO’4 39.2
2:1 8.771 X 0"4 3.428 X 10’4 28.1
lx :0 7.844 X 0"4 4.355 X 10’4 35.7
lxx:0 4.329 X O’4 7.870 X 10’4 64.5
50 1:0 9.446 X O’4 5.803 X 10“4 38.1
1:± 1.065 X O’3 4.602 X io’4 . 30.2
1:1 1.080 X O’3 4.447 X 10’4 29.2
2:1 .1.061 X O’3 4.642 X 10‘4 30.4
60 1:0 1.245 X O’3 5.850 X 10’4 32.0
1:± 1.330 X o’3 4.996 X 10’4 27.3
1:1 1.230 X o’3 6.001 X 10"4 32.8
2:1 1.497 X o"3 3.327 X 10“4 18.2
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TABLE 9: OPERATING VALUES FOR N, C and CO
Pn Air Moles N/sec
kw Ratio = O2 or CO2
(Nxmoles fuel 
' feed/sec)
Moles C 
deposited 
16b x moles 
fuel feed/sec
C deposited 
kg/sec
(c/c + C in ash) 
moles C x 12
Moles CO/sec 
measured (table 2)
— m —
20 1:0 2.235 X 10"b 2.989 X 10’b 3.587 X 10“4 2.036 X 10’7
1:* 2.215 X 10-5 3.015 X 10’5 3.618 X 10-4 1.355 X IO’7
1:1 2.299 X IO"5 2.931 X 10"5 3.517 X IO'4 1.354 X 10’7
2:1 2.886 X 10’5 2.077 X 10’5 2.492 X 10-4 2.817 X 10‘6
lx :0 2.935 X 10-5 1.835 X 10’5 2.203 X 10“4 4.739 X 10’6
30 1:0 4.199 X 10-5 3.642 X IO’5 4.371 X 10’4 2.574 X IO’7
l:i 4.397 X 10-5 3.469 X IO'5 4.163 X 10“4 0
1:1 4.555 X 10’5 3.280 X 10"5 3.936 X IO"4 3.086 X 10’7
2:1 5.850 X 10-5 1.982 X 10’5 2.379 X IO”4 3.426 X IO’7
lx :0 6.439 X 10“5 1.377 X 10"5 1.652 X 10“4 5.046 X 10’5
40 1:0 7.697 X 10’5 2.696 X 10’5 3.235 X 10“4 9.621 X 10-7
1:* 7.194 X 10‘5 3.157 X 10-5 3.789 X 10“4 1.374 X 10’6
1:1 8.325 X 10"5 2.003 X 10’5 2.404 X 10"4 1.605 X 10’6
2:1 1.004 X 10’4 3.461 X 10’6 4.154 X IO'5 1.007 X 10’6
lx :d 8.239 X 10‘5 7.133 X 10“6 8.559 X IO"5 1.537 X 10-5
lxx:0 6.257 X 10’5 3.912 X 10’5 4.695 X 10"4 3.200 X 10’6
50 1:0 1.068 X IO’4 1.967 X 10-5 2.360 X 10-4 4.611 X 10‘6
\'A 1.178 X 10’4 6.818 X 10’6 8.182 X 10’5 6.479 X 10’6
1:1 1.179 X 10’4 5.769 X 10’6 6.922 X 10“5 7.421 X 10’6
2:1 9.402 X IO'5 3.527 X 10’5 4.232 X 10“4 1.819 X 10’6
60 1:0 1.111 X 10’4 3.493 X 10’5 4.191 X 10‘4 1.126 X 10’5
1:1 9.948 X 10’5 4.1-22 X IO"5 4.946 X 10“4 1.662 X 10‘5
1:1 1.171 X 10"4 2.250 X 10"5 2.700 X 10“4 1.774 X 10’5
2:1 6.341 X 10-5 8.464 X IO’5 1.016 X IO’4 9.282 X 10‘6
105.
TABLE 10: % ACTUAL CARRYOVER CARBON
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TABLE 10 (con tinu ed )
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TABLE 11: VALUES FOR TOTAL 02 FEEDRATE INTO THE PROCESS
Pn
kw
Air
Ratio
02 from Air 
kg/10 minutes
Intrinsic 02
from Fuel 
kg/10 minutes
Total 02 
lg/10 minutes
09Feedrate
c _i
kgsec
20 1:0 1.394 0.349 1.743 2.905 x 10“3
1:* 1.372 n 1.721 2.868 x 10“3
1:1 1.393 H 1.742 2.093 x 10“3
2:1 1.840 ii 2.189 3.648 x 10“3
lx :0 1.813 ii 2.162 3.603 x 10”3
30 1:0 2.087 0.524 2.611 4.352 x IO'3
l:i 2.080 ii 2.604 4.340 x 10“3
1:1 2.069 ii 2.593 4.322 x 10“3
2:1 2.738 n 3.202 5.437 x 10"3
lx :0 2.716 ii 3.240 5.400 x 10“3
40 1:0 2.767 0.699 3.466 5.777 x io-3
l-A 2.767 ii 3.466 5.777 x 10"3
1:1 2.729 ii 3.428 5713 x 10'3
2:1 3.675 n 4.374 7.290 x 10“3
lx :0 3.619 l! 4.318 7.197 x 10"3
0X* ’
X1 
( 4.320 I 5.019 8.365 x 10’3
50 1:0 3.485 0.873 4.358 7.263 x io-3
I'A 3.441 ii 4.314 7.190 x 10"3
1:1 3.438 n 4.311 7.185 x 10"3
2:1 3.940 n 4.813 8.022 x 10"3
60 1:0 4.363 1.048 5.411 9.018 x io-3
l:i 4.287 ii 5.335 8.892 x 10'3
1:1 4.276 ii 5.324 8.873 x 10‘3
2:1 5.725 ii 6.773 1.129 x 10"2
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TABLE 1 2 (continued)
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TABLE 14: VALUES OF HEAT RELEASES
Pn
kw
Air
Ratio
pc
kw
Po
(Pn - Pc) S'- Po/Pn)% Average
i
%
20 1:0 6.505 13.495 67.5
1:1 6.827 13.173 65.9
1:1 6.452 13.548 67.7 74.3
2:1 3.282 16.718 83.6
lx :0 2.650 17.350 86.7
30 1:0 6.641 23.359 77.9
P i 6.024 23.976 79.9 85.9
r-j 5.387 24.613 82.0
2*.X 1.967 28.033 93.4 ;
f:0 1.041 28.959 96.5 >
40 1:0 2.731 37.269 93.2
1:1 3.747 36.253 90.6 93.9
1:1 1.514 38.486 96.2
2:1 0.048 39.952 99.9
lx :0 . 0.829 39.171 97.9
lxx:0 5.774 34.226 85.6
50 1:0 1.208 48.792 97.6
1:1 0.230 49.770 99.5 97.3
1:1 0.219 49.781 99.6
2:1 3 743 46.257 92.5
60 1:0 4.039 55.961 93.3
1:1 6.000 54.000 90.0 86.6
1:1 2.597 57.403 95.7 )
2:1 19.653 40.347 67.2 \
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TABLE 15 (continued)
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TABLE 17: CORRECTED VALUES FOR Mg(= Z) AT 60kw AS USED IN TABLE 16
Pn
kw
Air
Ratio
% o2
(from
Appendix b)
Z
(from 
table 2) 
kg/10 min
Corrected moles 02
phsec (=N/sec) 
Table 13)
Correct 02
kgsec"* 
(N/sec x 32)
True Z 
(= Mq) 
Z-%0? ^ 1
600 + ,j
02 kgsec" j
60 1:0 3.080 16.449 1.071 x 10~4 3.427 x 10"3 0.03000
1 :i 2.180 16.522 9.382 x ID'5 3.002 x 10'3 0.02994
1:1 4.320 16.649 1.111 x 10‘4 3.555 x 10~3 0.03011
2:1 4.080 21.963 5.979 x 10'5 1.913 x 10'3 0.03703
TABLE 18: VALUES FOR HEATS TAKEN AWAY BY THE GASES
Pn
kw
Air
Ratio
QP
kJ
Qi
kJ
Qg
kJ
(Qi+Qg) Qp 
' Po Po
(%) (%)
(Ql+Qp+Qg) 
Po
(*)
20 1:0 2.039 2.270 1.460
- 1:1 1.898 2.113 0.800
1:1 1.993 2.149 1.366
2:1 2.186 2.434 3.367
lx :0 1.979 2.203 2.190
30 1:0 3.284 3.553 3.851
1:1 3.191 3.507 3.236
1:1 3.177 3.492 3.200
2:1 3.555 3.907 7.300
lx :0 3.4 ?5 3.776 6.753
40 1:0 4.861 5.412 8.051
1:1 4.732 5.268 7.272
1:1 4.675 5.205 6.903
2:1 4.920 5.477 11.199
lx :0 4.683 5.214 9.177
lxx:0 4.178 4.651 6.108
50 1:0 6.413 7.134 12.012
1:1 5.918 6.583 9.021
1:1 6.122 6.810 10.255
2:1 5.605 5.618 9.539
60 1:0 7.881 8.774 14.836
1:1 7.263 8.086 11.350
1:1 7.662 8.530 13.749
2:1 5.581 6.213 2.262
28.1/45 15.3*5 43.4y 
22./I z6 14/4 36.
25^9 14.7 4(^6
.7 lj&.l n  ^7.8 
!5.3 *4 VI.4 '5 36.7
A13/3 41/4
/ /
31.7 k7 14.1/2-1 45.8 
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TABLE 19: THE PROCESS MASS BALANCE TABLE 3.1.5.2.
Physical moisture is excluded from this table.
Pn 20
Element
Kgsec
Air
Ratio C . H 0 C
IN
From
Fuel
From
Air
Supply
Each
Ratio
1:0
1 :i
1:1
2:1
lx :0
lxx:0
■’6.0990 x 10‘4 9.0609 x 10'5 5.817 x 10"4
2.323 x 10‘3 
2.286 x 10‘6 
2.321 x 10"3 
2.898 x 10'3 
3.021 x 10-3
9.1490 x 10'4
TOTAL
IN 3.050 x 10~3': 4.531 x 10'4 1.576 x 10‘2 4.575 x 10'3
OUT
From — 1:0 2.682 x 10~4 7.152 x 10"4 5.039 x 10"4
C0o 1:± 2.658 x 10'4 7.088 x 10‘4 5.276 x 10'4c.
1:1 2.759 x 10'4 7.357 x 10"4 5.466 x 10"4
2:1 3.463 x 10'4 9.235 x 10‘4 7.020 x 10"4
lx :0 2.522 x 10~4 9.392 x 10'4 7.727 x 10"4
lxx:0
From 1:0 2.444 x 10~6 1.397 x 10"6 3.089 x ifl“6
CO 1 :i 1.626 x 10'6 9.292 x ID’7 0
1:1 1.625 x 10'6 9.285 x 10-7 3.703 x 10'6
2:1 3.380 x 10'5 1.932 x 10"5 4.112 x io-6 ;
lx :0 5.687 x 10'5 3.250 x 10‘5 6.056 x 10o6 ;
lxx:0
From 1:0
HC 1:±
1:1
From Each 9.063 x 10'5 7.250 x 10‘4 }
Intrinsic Ratio
H^O
From Each 5.895 x 10'6 8.844 x 10“6
Ashes Ratio
119
30 40
H 0 C H 0 C
1.3592 x 10"4 8.733 x 10’4 1.2199x 10-3 1.6123 x 10'4 1.165-: ;x 10"3 1.5248x,10“3
3.479 x 10"3 4.612 x 10“3
3.467 x 10“3 4.612 x 10"3
3.449 x 10“3 4.458 x 10“3
4.564 x 10~3 6.125 x 10"3
4.527 x 10”3 6.032 x 10“3
7.200 x J0“3
6.796 x 10'4 2.385 x 10“2 7.319 x 10"3 1.087 x 10“3 4.012 x 10’2 6.099 X 10"3
1.344 x 10"3 9.236 x 10“4 2.550 x 10"3 1.282 X 10"3
1.407 x !0"3 8.633x 10"4 2.302 x 10“3 1.414 X 10"3
1.458 x 10”3 9.990 x 10“4 2.664 x 10"3 1.415 X 10"3
1.872 x 10"3 1.205 x 10“3 3.213 x 10“3 1.128 X 10"3
2.060 x 10"3 9.887 x 10“4 2.636 x 10“3
7.508 x 10"4 2.002 x 10“3
1.765 x 10“6 1.155 x 10"5 6.600 x 10”6 5.533 X 10"5
0 1.649 x 10"5 9.423 x 10"6 7.774 X 10"5
2.117 x 10"6 1.926 x 10"5 1.005 x 10"5 8.906 X 10"5
2.350 x 10”6 1.209 x 10“5 6.908 x 10"6 2.182 X
_5
10 0
3.460 x 10"6 1.844 x 10“4 1.054 x 10"4
3.840 x 10‘5 2.195 x 10"5
7.175 X 10'6
2.886 x 10"6 9.620 x 10"7 8.94S X 10-6
/
1.438 x 10~6 4.793 x 10-7 5.375" X 10"6
1.358 x 10“4 1.087 x 10"3 1.813 x 10“4 1.450 x 10"3
a. 179 x 10"5 1.474 x 10"5
50 60
H 0 C H 0
1.455 X 10'3 1.8298 x 10"3 2.7184 x 10'4 1.747 X 10'3
5.808 X 10'3 7.271 ,x ID'3
5.735 X 10'3 7.145 X 10'3
5.730 X 10"3 7.126 X 10'3
6.567 X 10'3 9.543 X 10*3
2.966 X 10“2 7.319 X 10“3 1.087 x 10”3 3.807 X 10“2
3.418 X 10'3 1.333 x 10-3 3.555 X 10'3
3.770 X 10-3 1.193 X 10“3 3.183 X 10-3
3.773 X 10'3 1.405 X 10"3 3.747 X 10'3
3.009 X 10-3 7.609 X 10~4 2.029 X 10'3I
3.162 X 10's 1.351 X 10"4
oCMr^.• X 10'5
4.442 X 10'5 1.995 X 10“4 1.140 X 10'4
5.088 X 10"5 2.129 X 10“4 1 -2.1:7 X 10-4
2.195 X 10"5 1.114 X 10"4 6.365 X 10-5
2.392 x 10 
2.983 x 10 
1.792 x 10
-o
-6
-6
2.265 x 10-4 1.812 x 10-3 2.719 x 10-4 2.175 x 10-3
1.769 x 10'5
TABLE 19 Continued
From 1:0- 3.528 x 10"4 4.283 X 10-4
Carryover 1:1 3.554 x 10'4 4.075 X 10~4
Carbon 1:1 3.458 x 10‘4 3.848 X 10"4
2:1 2.433 x 10'4 2.291 X 10"4
lx :0 2.144 x 10 1.564 X 10"4
Ixx:0
From 1:0 1.453 X 10"3
Unused 1:1 1.423 X 10'3 ?
°2 1:1
2:1
1.432
1.947
X
X
10‘3
10"3
lx :0 1.855 X 10'3
lxx:0
Total
Out 3.023 x 10”3 4.532 X 10“4 1.581 x 10"2 4.720 x 10~3
IN - OUT 2.700 x 10"5 1.000 X 10“7 5.000 x 10“5 1.450 x 10"4
7o Discrepancy 0.869 2.207 X 10 0.317 3.169
119a
1.903 x 10 
1.830 x 10 
1.757 x 10 
2.457 x 10 
2.230 x 10
-3
-3
-3
-3
-3
3.235 X 10“4 2.213 x 10-4
3.671 X 10-4 6.708/x 10"5
2.286 X 10"4 5.448 x io-5
2.975 X 10"5 4.085 x 10”5
7.380 X 10"5
4.577 X 10~4
1.828 x 10 
1.982 x 10 
1.553 x 10 
2.590 x 10 
2.845 x 10 
4.842xx i10
-3
-3
-3
-3
-3
-3
6.790 x 10“4 2.376 x 10"2 7.568 x 10“3 1.089 x 10'3 3.987 x 10“2 5.947 x 10"3
6.000 x 10'7 9.000 x 10‘5 2.490 x 10“4 2.000 x 10"6 2.500 x 10"4 1.520 x 10”4
0.088 0.377 3.402 0.184 0.623 2.492
4.014 X 10“4
4.769 X 10“4
2.523 X 10"4
9.983 X 10“4
1.937 X 10'3 3.211 X 10“3
1.480 X 10'3 3.420 X 10‘3
1.457 X 10'3 2.832 X 10"3
3.150 X 10*3 7.023 X 10’3
9.132. 10"4 2.939 x 10"2 7.550 x 10“3 1.088 x 10"3 3.807 x 10“2
7.100 x 10“6 2.700 x 10“4 2.310 x 10"4 1.000 x 10-6 0
0.784 0.910 3.156 0.092 0
TABLE 20: 3.1.6.2: THE PROCESS HEAT BALANCE TABLE
Pn,kJ Air
Ratio 20 30 40 50 60
Heat
Gained by: 
Combustion 1:0 
l:i 
1:1 
2:1 
lx:0 
lxx:0
Preheat
/ „ 1 /13.495 ?-2 23.359
13.173 g,\ 23.9^6
13/548 g,5 24yb 13
16.718 il.g 28(o33
17.350 i2i ^8.959
/r.7 37.269/j 48.79^ 55.961/
36.293/ 49.7/0
47.? 54.000 I*?,?
'7*| 38.486 ?2-( 49/781 ki.7 57/403 ;51 * (
39.952 ? a ^ 4/.257 4/. 347
39U71 17-2-
3^.226
1:0 1.246 1.869 2.491 3.114 3.737
1:* 0.831 1.246 1.661 2.076 2.491
1:1 0.623 ' 0.935 1.246 1.557 1.869
2:1 1.246 1.869 2.491 3.114 3.737
lx :0 1.650 2.475 3.298
lxx:0 3.931
Total Heat 
Gain J 7^880 55.0 13Z-r334 !<* 24CU475 205 204 80
Heat
Lost by/to: 
Load 1:0 8.257 13.471 20.506 25.170 25.412
1:* 8.865 14.262 19.738 29.119 27.450
1:1 8.561 14.702 21.987 26.946 26.727
2:1 9.114 14.394 19.848 26.873 29.028
lx :0 12.205 16.695 22.416
lxx:0 22.364
Physical 1:0 2.039 3.284 4.861 6.413 7.881
Moisture l:i 1.898 3.191 4.732 5.918 7.263
1:1 1.993 3.177 4.675 6.122 7.662
2:1 2.186 3.555 4.920 5.605 5.581
lx :0
ixx:0
1.979 3.436 4.683
4.178
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IrtDLC C \J ^ u u n m i u e u  /
Intrinsic 1:0 2.270 3.553 5.412 7.134 8.774
Moisture 1:± 2.113 3.507 5.268 6.583 8.086
1:1 2.149 3.492 5.205 6.810 8.530
2:1 2.434 3.907 5.477 5.618 6.213
lx :0
lxx:0
2.203 3.776 5.214
4.651
Existing 1:0 1.460 3.851 8.051 12.012 14.836
Hot Gases 1:* 0.800 3.236 7.272 9.021 11.350
1:1 1.366 3.200 6.903 10.255 13.749
2:1 3.367 7.300 11.199 9.539 2.226
lx :0
lxx:0
2.190 6.753 9.177
6.108
Radiation 1:0 0.332 0.584 0.932 1.220 1.399
1 :i 0.329 0.599 0.906 1.244 1.350 j
1:1 0.339 0.615 0.962 1.245 1.435
2:1 0.418 0.700 0.999 . 1.156 1.009
lx :0
lxx:0
0.434 0.724 0.979
0.856
Total Heat 
Losses 79.301 135.964 240.479 204.003 215.961
Gain-Loss
(g)- (1)
r-0v579--
~-?Z
^TSftr^^TO-^ri'O"3
~2-|
—  '3^586—
1
Discrepancy Y * 100^ *™*Ot 998 1t 668“7C~T0”3
- u %
1)v224— 1 ISTKSWCV-irv* —-w■1.633
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TABLE 21: VALUES FOR T p
Pn
kw
Air
Ratio
Mg
kgsec -1
(average)
4  T°C
( W
Te
°C
A tg°C 
(Te-25)
20 1:0 9.503 X 10-3 1103.9 830.9 635.0 195.9 170.9
1:* 9.488 X 10"4 1064.0 791.0 682.5 108.5 83.5
1:1 9.477 X 10“3 1100.4 842.6 827.4 659.7 167.7 142.7
2:1 1.272 X 10“2 1259.5 986.5 709.4 277.1 262.1
lx :0 1.618 X 10“2 1050.0 777.0 618.0 159.0 134.0
30 1:0 1.442 X 10’2 1247.3 974.3 684.8 289.5 2§4.5
l:i 1.419 X 10"2 1257.4 984.4 733.6 250.8 225.8
1:1 1.440 X 10“2 1266.1 988.2 993.1 748.1 245.0 220.0
2:1 1.919 X 10”2 1262.2 989.2 587.7 401.5 376.5
lx :0 2.045 X 10“2 1273.0 1000.0 648.0 352.0 327.0
40 1:0 1.925 X 10"2 1493.3 1220.3 781.1 439.2 414.2
l:i K924 X 10'2 1424.3 1151.3 752.1 399.2 374.2
1:1 1.917 X 10“2 1494.6 1094.4 1221.6 840.1 381.5 356.5
2:1 2.564 X 10'2 1337.3 1064.3 606.8 457.5 432.5
lx :0 2.531 X 10“2 1349.4 1076.4 692.4 384.0 359.0
lxx:0 2.987 X 10“2 1105.3 832.3 604.8 227.5 202.5
50 1:0 2.392 X 10"2 1565.7 1292.7 770.4 522.3 497.3
1 :i 2.386 X 10“2 1565.2 1210.8 1292.2 892.9 399.3 374.3
1:1 2.389 X 10"2 1548,5 1275.5 825.5 450.0 425.0
2:1 3.182 X 10“2 1255.8 982.8 661.0 321.8 296.8
60 1:0 3.000 X 10"2 1461.0 1188.0 627.2 560.8 535.8
1:* 2.994 X 10'2 1384.6 1041.95 1111.6 678.5 433.1 408.1
1:1 3.011 X 10~2 1446.4 1173.4 657.8 515.6 490.6
2:1 3.703 X 10“2 967.8 694.8 609.6 85.2 60.2
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TABLE 23: VALUES FOR LL> NRe and ~C
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TSbfe'23 (continued)
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TABLE 24: SIZE DISTRIBUTION IN BAGASSE
Mesh
No.
Aperture % Weight 
of Bagasse 
held on 
Sieve
Cumulative
Oversize
(%)
----------------
Cumulative
Undersize
(%)
5/8" 16.00mm 0 0 100
7/16" 11.20mm 0 0 100
5/16" 8.00mm 0.08 0.08 99.92
3{ 5.66mm 0.28 0.36 99.64
25 7L0pm 58.69 59.05 40.95
35 500/nm 9.00 68.04 31.96
60 250pm 21.89 89.93 10.07
120 125pm 2.96 92.91 7.09
270 53pm 5.50 98.39 1.61
>270 <  53pm 1.60 100.00 0
<-
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TABLE 25: VALUES FOR Ut and Dp
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3.
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90
8
TABLE 26: BLOW OFF VELOCITIES FOR BAGASSE BULK:
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TABLE 27: VALUES OF Qtbe and Dbe
6 b
kgm“3
pe
kgnf3
(dry basis)
Dbe
m
■lit be 
msec”*
Area of bed as 
used in experiments
m
80 2.681 x 10”5 0.0040 2.806 0.0962
i 2.145 x 10‘5 0.0080 3.969
H 4.189 x IQ"5 0.0100 4.437 ii
ii 3.351 x 10"4 0.0200 6.275 ii
n 2.681 x 10“3 0.0400 8.874
5.236 x 10**3 0.0500 9.922
H 9.048 x 10‘3 0.0600 10.869 ii
ii 0.0141 0.0696 11.706
H 0.0212 0.0797 12.527
it 0.0283 0.0877 13.140
i 0.0354 0.0945 13.640
ii 0.0424 0.1000 14.032 ii
ii 0.0800 0.1240 15.625 ii
0.1000 0.1340 16.243 ii
n 0.5000 0.2290 21.234 ii
ii 1.0000 / 0.2880 23.813 ii
H 1.5000 0.3300 25.490
ii 2.0000 0.3630 26.734 ii
ii 5.0000 0.4920 31.124 ii
ii 10.0000 0.6200 34.934 ii
H 15.0000 0.7100 37.389
ii 20.000 0.7820 39.239 ii
TABLE 28: VALUES OF U. at 50kw (rKOOP)
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TABLE 29: EXITING TEMPERATURES AFTER THE PRE-DRYING PROCESS
Pn
kw
Air
Ratio
Te°C
Exiting temp, 
of hot gases 
before 
pre-drying
Tp °C
Exiting temp, 
of hot gases 
after
pre-drying
Qge kJ
Resident energy 
in gases before 
pre-drying
% kJ
Resident Energy 
in gases after 
pre-drying
50 1:0 522.3 378.3 25.561 20.852
1:1 399.3 255.0 21.522 16.813
1:1 450.0 305.8 23.187 18.478
2:1 321.8 180.8 20.762 16.053
TABLE 30: AIR RATIO EFFECTS ON ( L a n d  Eo
Quantity
No
Pn
kw
Air
Ratio
0 m CL
Wnf2K"2
4  U 
(1) - (2)
^  Qw 
(1) - (2) 
Joules
A  Eo 
(1) - (2)
1 20 1 :i 317.3 31.3 6.6 304 4.1
2 1:1 388.2 24.7
1 30 1 :i 512.7 31.2 -1.1 -440 -0.2
2 1:1 510.1 32.3
1 40 l:i 685.7 32.2 -3.2 -2249 -2.7
2 1:1 695.9 35.4
1 50 1 :i 734.3 44.4 5.1 2173 4.4
2 1:1 766.9 39.3
-
L 60 1 :i 693.6 44.3 5.6 723 4.2
2 1:1 772.9 38.7
TABLE 31: EVALUATION OF EXCESS AIR EFFECTS AT 50kW
! Stoich 
j supply
j m3/sec
iI
Air
Ratio
C/C
% %
•
Qw
kJ
Eo
%
k
1.22 1:* 4.4 99.5 29.119 59.0 1565.0
1.38 2:1 2.7 92.5 26.873 58.0 1255.8
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APPENDIX 'A'
AI Relation between CVw(net) and CVd(net)
CV(net) = CVw(gross) - Q(1 - me) = ref eq. (3)
= CVd(gross)(1-mc) - Q(l-mc)
= CVd (gross )-mo CVd (gross) - Q + mcQ
CVd(net) = CVd(gross) - Q ref eq. (5)
Substituting for CVd(gross) in (3) gives:
CVw(net) = CVd (net) + 0 - me CVd (net) - rrptf - 0 + rpeTQ
= CVd(net)(1-mc) ref eq. (6)
A2 Calculation of Fuel needed at 20kw
Pn = 20kw (assuming complete combustion) 
original me = 15.6% on a wwb 
me required in fuel = 35% on a wwb 
CV(dry)(net of fuel = 14.7MJkg“* (predetermined)
.*. Weight of dry fuel required to be burned in the combuster 
for 10 minutes so that the combuster operates at 20kw nominally is 
given by:
Wt. of dry fuel = Power (kw) x time(sec) x 1 _ _ _ _ _ _ _
CV(dry) KJkg *
= 20 x 60 x 10 x 1
W U I T
= 0.8163 kg dry fuel to burn for 10 minutes
Since the fuel had to have a 35% me, the CV(wet)(net) of the fuel was 
found as follows:
CV(wet)(net) = CV(dry)(net)(1 - me) = 14700(1-0.35)
= 9555 KJkg"*, and is the CV(wet)(net) of the wet 
fuel at 35% me on a wwb, equation (6).
Using this value in the preceding expression gives:
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Wt. of wet fuel (35% me) to be measured =
= 20 x 60 x 10 x 1 = 1.2559kg of wet fuel to
9555
burn for 10 minutes.
Since the fuel originally contained 15.6% me, its CV(wet)(net)
(at 15.6%mc) = 14700 (1-0.156) = 12406.8KJkg~*, so that the actual 
fuel measured out at 15.6mc for the 20kw operation was given by:
Wt of fuel measured out = 20 x 60 x 10 x 1
Having measured out 0.9672kg of fuel of 15.6:X«K,water was then added 
to bring its weight to 1.2559kg. This weight was then thoroughly 
mixed and burned for 10 minutes viz. combustion at 20kw.
A3 Allocation of Channel Numbers
12406.8
= 0.9762kg fuel at 15.6mc
Channel Number 
0
Quantity Represented 
Ambient temperature
1 ) 
2 )
3
4
5
6
7
8 
9
Coolant (water) inlet temperature
Coolant temperature in pan 3
Coolant temperature in pan 2
Coolant temperature in pan 1
Stack gas temperature
Flue (hot) gas temperature nearest stack
Flue (hot) gas temperature in middle
Flue (hot) gas temperature nearest mouth 
of furnace
10
11
12
13
14
15
Additional coolant temperatures
% O2 in outgoing (stack) gases 
% CO2 in outgoing (stack) gases 
% CO in outgoing (stack) gases 
% HC in outgoing (stack) gases
A4 Evaluation of Unburnt Volatilesj
Let the weight of combustion air supplied in 10 minutes be xkg at
given power and air level. Then gravimetric N2 in 10 minutes in
the supplied air will be 0.7553 xkg where x = volume flow of air in TtP
per minute x 10 minutes xCair. And let N2 released from the fuel by
combustion be mkg in 10 minutes
.’. Total N2 in 10 minutes in the hot gases
= 0.7553x +rrj1kg, and the %N2 in the hot gases = 100 - %[C02 + CO +02 +HC] = Y%
Let total weight of the exiting stack gases (less H20) in 10 minutes be Z k ?
Then -  x Z = (0.7553X +m“)kgN, = q
100 ^
or Z = lOOqkg of stack gases in 10 minutes . . . . .  (i)
Y
The weight of either C02 , CO, 02 , HC or N2 in 10 minutes is then given 
by:
% weight of gas in the stack x Z at each power and air level.
For example, the weight CO formed in ten minutes = %C0 x Z.
A5 (i) Total Carbon Feed into the Furnace:
From the ultimate analysis of the fuel, % dry mass basis; C= 44.83,.
0 = 42.79, H = 6.66, N = 1.12 and Ash = 4.60.
Weight of feed = [Power x time(sec)]/CVdry(net)
Where CVdry(net) = 14.7MJkg~*; CV35%mc(ne-t)=
Carbon in feed = 4 U 3  x weight of feed dry kg/10 minutes 
100
H in feed = 6.66 x weight of feed dry kg/10 minutes 
100
(ii) Carbon associated with the unburnt volatiles:
Weight of C in CO - _12 x wejgj1-t 0f Cq per sec (ref ja5je 2)
28
Weight of C in CH4 = 12 x weight of CH per sec (ref tabie 2 )
16 4
(iii) Carbon content in C02 in Stack Gases
The carbon associated with C02 in the stack gases per second is given
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12—  [(%C02 x Z)/600]- The values for % C02 , on mass basis was shown 
Sri the computer and converted into kg/10 minutes as shown in table 5.
A 6i Corrections for Combusted Carbon Discrepancy**
(i)
It was noted in Table 7 that more carbon must have combusted than was 
shown. The following calculations aim to establish the extra carbon 
which must have combusted to give rise to the high heat releases noted 
at each operating level.
For a lignocellulosic undergoing partial combustion of the form:
CxHv°Z + + X  " V  °2-------- ^ x ^  " a ” b )C02 + X  H2° + axC0
4 2 2
+ bxC + (bx + ax) 0a , and neglecting HC (table 2),
2
the total number of moles of 02 for one mole of fuel used up is given by:
x(l-a-b) + y + ax = x - a x - b x + y  + ax = x - a x - b x + y  
4 2 4 2 2 4
For a lignocellulosic where x = 16, y = 28, and z = 11, viz cx6H28°l1 *
16 - 8a - 16b + 7 moles of 02 are used up for one mole of fuel feed.
For a Fuel feed of 1.3605 x 10"^ Kgsec"* (- 20kw) producing 2.444 x 10’^kgse”* 
of carbon in CO (table 4, air ratio 1:0), the number of moles of C
in CO per mole feed is given by: ^
(2.444 x 10"6 )/12 x (1.3605 x 10'3 )/415.09 = 0,062 moles C in 00
Where 415.09 = molar mass of fuel, ^X5H28^111 ^.60% ash
a = molar fraction of total carbon forming CO 
b = molar fractionof total carbon forming char 
so that a = moles C in CD = 0.062 = 0.00388
moles C in C feed per~moIeTeed
and moles 02 used up then becomes
23 - 0.031 - 1 6 b . . . . . . .   . . (i)
Let true number of moles of 02 in CC^formed be N as would have been 
indicated by a perfectly working C02 analyser. The total number of 
02 moles used as measured
= N + 02 in CO + 02 in b^O for one mole feed viz total
number of moles of 02 which would have been measured as used up
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but moles 0^ calculated = moles measured i.e. (i) = (ii)
. \  N + 0.031 + 7 = 23 - 0.031 - 16b viz N = 16 - 0.062 - 16b
16 x a
or N = 16 - 16a - 16b . . . . .  (iii)
The total 0£ supplied for combustion, including excess i.e. intrinsic 
+ air = 2.906 x 10~3 kgse”* at air ratio 1:0 and Pn = 20kw 
so that
at 1.3605 x 10~3kgse~*feed = 2.906 x 1Q~3 ^  ^
1.3605. x 10"3
- 00.6^624 _ 27.707 moles 09 per mole fuel feed
32 d <L
Total moles - moles 0£ unused (measured) + moles 0  ^ in CO
+ moles 02 in f-^ O + moles O2 in CO2
Moles C in CO = C-j-otal - [b x Ctotal feed + N] =
= C total - [bCtotal + N] Moles 02 in CO per mole feed,
2
and unused moles 0^ = 0.87,2 x |  x_____ 1_____  =
600 32 (1.3605 x 10 3 )/415."o9
= 13.863 moles O2 unused per mole feed where 0.872 kg is the weight of 
unused O2 in 10 minutes as measured by computer*
27.707 = 13.863 + 16 - 16b - N + N + 7
2
i.e. 13.688 = 16-16b + N viz N = 16b - 2.312 . . . . .  (iv) 
so that (iii) = (iv), and 
16 - 16a - 16b = 16b - 2.312
viz b = 0.570, and N = 6.818 moles O2 in true CO2 p6f •fu«/*fce
The above calculations, carried out for b and N values at Pn = 20kw and 
air ratio 1:0, can be summarised in the form:
b = 16 - 16a + £( 2  x moles O2 unused + 14 + 16 - 2 x moles 02per mole feed)
32 . . . .  (vi)
so that the values for b and N for all the other levels are similarly 
evaluated.
The value of b given above (0.570) represents the molar fraction of
total carbon feed which forms char at the fuel feed rate of1.3605 x 10" kgsec
dry basis = 1.3605 x 10“^ x 14700 = 19.999 = 20kw at the air ratio of1:0.
lsec
Using the above formula for b, and either equations (iii) or (iv), 
the values for b and N at all other levels are calculated and shown 
in table 8. The values for a shown in table 8 have been obtained by 
the method described earlier.
(ii) Correction for 0p discrepancy at 60kw
It was noted in 3.1.3.3. that there was an error in 0p at 60kw.
The method below sets out to redress it.
Assuming the error is due to unused Op erroneously measured, then the
values for b at 60kw are determined thus:
£ 0 2 = (9.018 x 10'3 - 6.652 x 10_3)/32 x _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ = 7.519moles
(4.0817 x 10'3 )/415.09
^ ______ -J
moles fuel feed per sec
of Op per mole feed at air ratio; 1:0 and 60kw.
Unused Op moles (table 8) = 2.685 moles Op per mole feed, and
total unused Op = 7.517 + 2.685 = 10.204 moles Op per mole fuel feed.
Using the same method as in (i) to evaluate b gives: 
total mOles Op =1*204 + (16 - 16b - N)/2 + N + 7
or^28.660 = 10.204 + (16 - 16b - N)/2 + N + 7 so that
fronTtable 8
b = [16 - 16a - $:(2 x moles Op unused + 14 + 16 - 2 x moles Op (total)]/32
= 0.248 and N = 10.888 at air ratio 1:0 and 60kw
A7(i) Total 02 feed into the Process:
Gravimetric Op = 0.2314
0£ from combustion air = 0.2314x . . . .  (i) (ref table 8)
Intrinsic 02 from fuel = 44.85 xpFuel Feed (dry) x 95.4~|. . . . (ii)
100 *- 600 100 J
Total Op feedrate = (i) + (ii) so that tables 3 and 8 are used
to evaluate the above relations.
(ii) Overall total exiting ;
O2 unused = fuel feedrate (dry)/sec X  moles O2 unused x 32 x 600kg/10min
415.09 (table 8)
O2 from CO2 = N x 32 x 600kg/10min (table 9)
O2 from H2O = 6.98 x dry ash free fuel x 8kg/10min 
100
Where H2 (d.a.f.) = [% H2 in fuel (=6.66) x 4.60/95.4) + 6.66 = 6.98
A8 Heat releases for the Process:
Consider a lignocellulosic of the form CxH O^.
For complete combustion, the reaction is:
CxHyOz  + (x + ^  - 2)02 ___ ^xC02 ^gj+ y H20(g), and let the heat
4 2 7
released by this complete combustion be Pn (ref. 2.4.1.3.)
For a partial combustion in which a fraction, b, of the total carbon 
forms char, and a fraction, a, of the total carbon forms CO, as in 
3.1.2.3., the combustion equation is:
CxHy02 + (x + 1  - I) 02  v x Cl-a-b) C02(g )+ 1  H2°(g) +
4 2 2
+ a x C 0 ^ +  (bx + ax)02 (g); and let the heat released by this partial
i • 2
combustion be Po (ref 2.4.1.3.).
To complete the combustion, the reaction which must proceed is:
axCO + bxC + (bx + ax) 0o v (a + b) x C0o , and let the heat released
here be Pc so that the heat released Pc, is given by:
Pc = ax x heat of combustion of CO )
+ bx x heat of combustion of C ) ^er mo*e ^eec*
then^Po = Pn - Pc kJ where Pn = nominal power x 1 second
in sub-section 3.1.2.3., the values for a and b were calculated and 
summarised in table 8, with corrections in table 13. The values for 
x, y and z here are the same as in 3.1.2.3. Table 9 shows the values 
for moles C and CO formed at various operating power levels, 
ax and bx are the moles CO and C formed respectively per mole of
fuel feed so that for a fuel feed rate of 1.3605 x 10“^ kgsec"*
[(dry basis) = 20kw], the heat released, Pc, by completing the 
reaction is given by:
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Pc = ax^xJieat of combustion of CO + bx x heat of combustion of C
x x
x 283192.4 x 2.036 x 10"7 + 0. T x 16 x 393794.9 x 2.898 x 10
from taDle 9 from table 9
= *&r§05*kJ (at Pn = 20kw and air ratio 1:0),
where ax and bx are the numbers of moles of CO and C respectively 
x x
formed per mole of carbon in the fuel feel.
283192.4 and 393794.9 are the heats of combustion of CO and C respectively 
in kJkmol“*.
0.00388 and 0.570 are values of a and b respectively from table 8 at 
Pn = 20kw and air ratio 1:0, while 2.036 x 10~7 and 2.898 x 10“5 are 
the moles of CO and C respectively formed per second at Pn = 20kw and 
air ratio 1:0 as shown in table 9.
Using the same procedure as shown above, the values for Pc and hence 
Po have similarly been calculated for the other power and air levels.
Let the total heat taken away by the exiting hot gases, including intrinsic 
and physical moisture be Qh per second so that:
£  tg = Te - 298°K where Te°K is the common exiting temperature of 
all the hot gases
Cps = specific heat of steam
Cpg = specific heat of hot gasesC/for air (excluding moisture)
Cp = Specific heat for water, and the diagramatic representation is
as follows:
and the heat equation is then given as follows:
MgCpg$ t g  + Mfps0 t g  - 75) + MiCpw x 75 + MiL + MpCps( ^  tg - Z5) + MpCpw x
75 + MpL = Qh . . . . . . . . . . (i)
where Mg = mass of hot gases (less moisture) per sec
Mi = mass of intrinsic moisture exiting per sec
Mp = mass of physical moisture exiting per sec
L = latent heat of vapourisation for water at 100°C andJatm
Simplifying the above equation gives:
rtcjCPg^h Cps (ZXtg - 75)(Mi + Mp) + 75 Cpw (Mi + Mp) +L(Mi +Mp) = Qh ... (ii)
Where Qh = Po + Pre - Qw - y . . . . (iii) so that
^tg(MgCp + Cp_(Mi + Mp)) + 75 Cp..(Mi + Mp) - 75Cpc,(Mi + Mp) + L(Mi +Mp) =y 5 W
Po + Pre - Qw - "6
• 4  tg = [Po + Pre + 75Cps (Mi +Mp)] - [(Qw + %  + L(Mi+Mp) + 75Cpw (Mi + Mp)]
MgCPg + Cps (Mi+Mp)
where Cp$ = 2.2 kJkg~*K“*; L = 2257.6kJkg“* 
and Mi + Mp = M so that the equation becomes:
4 t g  = Po + Pre + 75CpsM - Qw - t - M (L+75Cpw ) . . . .  (iv)
MgCPg + MCps
In the above equation,
75Cps =165; (L + 75Cpw ) = 2571.625,
while the values for Po, Pre, M Qw,^ and Mg at each operating level,
are obtainable from tables 14, 16, 16, 15, 16 and 2 respectively.
Since all the quantities in the above equation are now known,^tg and
hence the common exiting temperatures of the gases, can be evaluated
as shown in the above equation, and the results are shown in table 16, 
together with values for X  , Pre, Cp , Cp , Mi and Mp.
The values for Cp^ , and Cpg are the mean values for the temperature 
range shown as obtained from Coulson and Richardson (1977) page 
402. The physical moisture values have been obtained thus;
Pn x I   - dry fuel feedrate kg/sec from table 3, while the
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intrinsic moisture, Mi, values are based on table 21 and have been 
obtained thus:
144-
18/16 x weight of from intrinsic h^Okg/lO min x I  kg/sec. The
600
preheat (Pre) values in the same table 16 have been obtained thus:
Pre = m*sec~*(air) x t!air x Cpa^r x (150-25)°C where the M^sec"’*
refers to primary air only.
The <dtg equation (pageKS) can be simplified a little further thus:
/\ tg = Po + Pre + 75CpsM - Qw - - M(L+75Cpw =
MgCPg + MCps
= Pr + M [75(Cps- Cpw ) - L] - Qa where
Pi Cp
Pr = total heat produced in the system by combustion, preheat etc.
75 -Avc - 100 - reference temperature
Qa = total heat utilized by load and lost by radiation which is small 
in lagged systems
M = Weighted mean mass of all the gases, including moisture
Cp = Weighted specific heat of all the gases, including moisture, 
so that at constant combustion efficiency^ ,
M[75 (CPS - Cpw ) - L] = kM where k = 75 (Cps - Cpw ) - L 
• •
and M Cp = K 1, and rewriting the equation gives
—  [Pr + kM - Qa] = tg 
K*
or Pr + Km - Qa = K'Atg so that
(a) KMc<K1, and the moisture (intrinsic + physical) is the main 
temperature - determining quantity of the hot gases since K* is heavily 
weighted in favour of the moisture (even without physical moisture)
as shown in table 18.
(b) From above, Qa = Pr + kM - K'^tg, and at constant^,, Pr is 
constant so that if the moisture (physical) of the fuel were reduced, 
say, the effect would be ro raise 6 tg substantially while QA mi^ght 
only rise slightly, since kM is intrinsically negative. Hence, the 
effect of physical moisture is not probably only a matter of 
calculations as is commonly thought-*
APPENDIX 'B'
B1 Heat Balance and Temperature Estimationi
Consider the Cell system as shown schematically in fig-13
Q8 ( lost by 
"■ \  . r a d ia t io n
A f r o m  system
0 OUT
Q WE X IT IN G  “,n „ , j 
H UT G ASES
GAS PASSAGE
OT (lost in coo ling^  f r o m  T j l o l p "
C om bustion
Zone
(P o  + P r e )  Produced in system  /FIG 13
A heat balance for the above system is then 
Qh + QT + Qr + (Qw - Qt ) = Po + Pre . . . (i) where
Qt  = MCps (TF - Te) + MgCpg (Tp- T e ) . . . . . . . . (ii)
Tp = Flue gas temperature as the gases just emerge from the combustion
zone. It .is eQ^al to, or very nearly equal to the temperature of
the combustion zone which is lagged and is also in thermal equilibrium
with the surroundings so that the gases will only start losing heat
when they emerge into the gas passage above which is situated the cold
environment(water). The other symbols have the same meanings as
before. Assuming direct radiation from the combustion chamber to the
cold environment is negligible, then 
•
Qw “ Qj = 0 since all heat lost by the gases is absorbed by the cold 
environment because radiation losses have already been considered.
The equation then becomes:
(Tp - Te)(Mcps + MgCpg) = Qw, and
14fe-
Tp = Qw + Te . . . . . .  . (iii) so that the
MCps *  MgCpg
initial flue temperatures, Tp, at each operative level can be 
calculated.
The values for the various quantities shown in equation (iii) above are
already known so that
Te values are obtainable from table 16
Qw values are obtainable from table 15
M, Cps values are obtainable from table 15
CPg values are obtainable from table 16
Mg values are obtainable from table 2 fori20 to 50 kw
While at 60kw values are obtainable from table 17.
M = Mi + Mp as beforef^that the Tp values at each operating level 
can thus be obtained using equation (iii) above.
B2 (i) Gas Flow Patterns in the system
Consider the cell system shown schematically in Fig. 14.
i-
Fig. 14.
14.?
Where A = mean crossectional area of flow of hot gases (assuming plug 
flow)
= length of passage of gases = 1.92m 
U = mean linear velocity of all the gases through the system
Te = exit temperature of the gases, °K
Tp = flue temperature of the gases,°K
(M+Mg)/^- mean volumetric flow of the gases at either end of the passage.
£ e  = Weighted gases (including moisture) density at the exit
£ f  = Weighted gases (including moisture) density at entry from heat
hence,
• ” ~ 3 -1mean volumetric flow of gases = U A m sec , and in terms of M and
Mg, the mean volumetric flow of the hot gases is:
+T f ^ ) / 2 = [(M+M9)(& + ef)1/ 2 4 eF
.*. [(M + Mg)( £'e + £ p)] / 2 lf = U A ...... (i) and
U = [(M +'Mg)(^ + E f ) y 2 (fe If A * * . . . . . . . .  (ii)
generally, where T = absolute temperature
T
so that 5  = (£ + (5^)/ 2 = mean density of all gases, and
£ f t F = £e Te   (iii) and ^
Tf
and substituting for in euqation (ii) gives:
U = [(M + Mg)(Tp + T^)] ^  2 A Te mse-1 . . . . .  (v)
All the quantities in equation (v) are known except £,0 . while A 
= 0.170m^ (from figures 2-6).
(ii) Evaluation of
Let the weight of gases (except moisture)in the hot gases stream be 
x kg/se and their density at exit b e £ ^ e at exit; and let the 
moisture weight in the hot gases stream be y kg/sec and its density
Ise at exit-
Then, the weighted mean desnity, £ , of hot gases at exit viz. gases 
and moisture is given by:
14*
L 0 6ge +  x  £se = x  ^
1 + y X + y
x
but x = Mg and y = M ^  £ ^  6ge + M 6 se > ahd
x
M + Mg
substituting in (v) gives:
U = (M + Mg)2 (Tp + Te)
(vi)
2 A Te (Mg^ge + M 0 se)
Using equation (vi), values of U at each operating level have been 
evaluated and are shown in table 23. The residence time of the hot 
gases, as well as their Reynolds Numbers have also been evaluated 
in sub-section 3.2.2.2. and are similarly down in table 23.
(iii) Residence time and the Reynold's numbers
<0 /
The residence time, U sec, the hot gases, once formed, spend in the 
system is given by
velocity
residence times at each operating level have been worked out and are 
shown in table 23.
The Reynold's numbers, NRe, for the flow of hot gases.through the 
system have been worked out using the relation:
NRe = U d where,
i - passage length = Im
U msec
Using this relationship, the
mean gas
d = mean diameter , . . . . (. • (i)
= /\a  = mean kinematic viscosity of the hot gases,
including moisture at (Tp + Te)/2 °K. The*}) values have been 
worked out as follows:
'"p = MgDg + M^)s
 - - - - - - —  . . . . (ii)
Mg + M
Where-pg = Kinematic viscosity of the gases at (Tp + Te)/2 °K
-ps = Kinematic viscosity of the steam at (Tp+ Te) / 2°K
Using the relation of equation (ii), values for'S) at various 
operating levels have been worked out and are shown in table 22.
B3 Determination of Uta and Utc using Leva's formulae i
Assuming the ash and char particles are spherical,
Cash = 2500 kgm”3 
£char = 200 kgm”3 , 
and Leva's formulae for determining the terminal velocity for a 
particle in a fluid stream are:
Ut = [(£p - £p) 9c Dp^ ]/18|fl. for 2^>'NRe . . . .  (a)
Ut = 0.152 Dp1-14 9c0 *714 (ip - |p)°-714for 2 C N Re<  500 . .  . (b)
—  "0:235----------- —
and
Ut = [33cDp (£ p  - ^F) ]0#5 for NRe>  500 . . .  (c)
— .—
&  F
where Ut = terminal velocity of the particle in the fluid stream
9c = local gravitational acceleration
£p = density of particle
^  P = mean density of hot gas stream at Tp°K as shown in table 22.
In determining the Ut values for particles using Leva's relations, a 
trial and error method is used in which an NRe range is guessed, 
then the Ut value evaluated using the appropriate equation 
corresponding to the NR0 range.
By this trial and error method, equations (a) and (b) were used in 
evaluating the Ut values so that:
(1) Equation (a) was used in evaluating Uta at Dp = 50 and 100#m 
only, and Utc at Dp = 50, 100, 200, 300 and 400jm.
(2) Equation (b) was then used in evaluating the Uta and Utc in 
the respective Dp values remaining.
The NRe range guessed in this calculation is the particles 
Reynold's numbers and is given by NRe (particle) = ( £ R Ut Dp)^4*
15!.
APPENDIX 'C1
Cl Determination of U
The heat transfer from the hot gases to the water in the pans are 
considered as shown schematically in Fig. 15.
Fig. 15.
Assuming there is no accumulation of heat in the metal plate separating 
the hot gases from the water, then the heat transfer from the hot 
gases is the same as the heat transfer to the water. The heat transfers 
occur by radiation and convection to the metal, conduction through 
metal and by convection to the water.
The overall heat transfer coefficient is given by:
1 = 1 + 1 + 1 + 1 where
hw = convective heat transfer coefficient through the water 
hm = conductive heat transfer coefficient through metal 
hr = radiative heat transfer coefficient through the gas 
he = convective heat transfer coefficient through gas
The rate of heat transfer to the water Qw is given by:
Qw =„.UAAT so that the conductive5convective and radiative
heat transfer coefficients are taken into account; and where
2
A = Area of heat flow through metal plate = 0.893m 
•  •
Qw = heat flow per sec = Qw in table 15.
abo.'e
The figure feeiow shows that the heat transfer situation is a icounter- 
current case which can be approximated as shown in fig. 16.
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so that r2^ = volume of water in pans/se = 0.0846 
^  r = 0.116m, and ITL (R2 - r2 ) = 0.3042 =>
^  R = 0.193m
The system is now a proper countercurrent flow which can be represented
by:
and
0m = (0j - 02)/kO|/02 
where 0m is the long mean temperature difference = A T  
Hence, U = Qw/A0m W/Mm2K
Since 50kw£/ OOP, values for U at this level are shown in table 27, ; 
while tj and t2 are obtainable from table 1, T^ and I2 from tables 
16 and 21 respectively. Qw, however;,; is obtainable from table 15.
C2 Pre-drying of the fuel:
(i) From table 18, at^kw (near the OOP) the heat values taken away 
by the hot gases are:
1:0 19.148 kJ (intrinsic + gases); by physical moisture = 6.413kJ
1:{ 15.604 " " " = 5.918kJ
1:1 17,065 " " " 6.122kJ
2:1 15,157 " " " = 5.605kJ
From table 3, the dry feed rate at 50kw =
15J.
= 10“3 x 3.4013kgsec"^ viz
10"3 x 3.4013 x 14700 = 50kJ = 50kw so that 3.4013kg of dry feed
has to be burnt in lsec to produce 50kw of power.
Since the fuel is wet, an extra fuel Mw kgsec"1 has to be burnt to 
supply energy for driving off the moisture from the fuel so that the 
furnace is maintained at 50kw. The extra fuel is then given by:
^1 = Qp/CVdry(gross) = Mil = 4 -3626 x 10-4 kgse-1 = Mw
14700
at 1:0 air ratio.
Using the same procedure as shown above, the extra fuel which has 
to be burnt at the other air levels are at:
hi Mw2 = 4.0259 x 10"4 kgsec"1 
1:1 Mw3 = 4.1646 x 10‘4 kgsec"1 
2:1 Mw^ = 3.8129 x 10~4 kgsec"1
Since the dry fuel feed fate is the same, ^ ^ O U k g s e " 1, at each air 
level, and the differences in Qp is due to rationing the air, the 
overall extra fuel to be burnt is (MWj + Mw2 + MW3 + 1^ 4)^= 4.0910 x 10
The saving in fuel is then given by
4.0910 x 10'4 X 100 *  10.74% if pre-drying
(10"3 x 3.4013) + (4.0910 x lO"5 ) 
of wet fuel by spent gases is done.
(ii) Heat requirements for pre-drying of fuel:
From 2.2.4. CVwet = 9555kJkg_1 at 35% moisture (wwb)
.’. Wet fuel required at 50kw operation
1S Mfw = 5 M  = 5.2329 X 10-3 kgsec-1 
9555
-3 -1Dry fuel weight for operation at 50kw = 3.4013 x 10 kgsec 
.‘. W t .  of H20 in fuel = (5.2329 - 3.4013) 10-3 = 1.8316 x 10-3 kgsec-1 
of water. This is the water which will have to be dried off the fuel. 
.*. Heat required to vapourise off the water is:
- 4 -1kgsec
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Qv = mcp x 75 + mL
-3where m = mass of water = 1.8316 x 10 kgsec at 50kw 
Cp = Heat capacity of water = 4.187kJkg~*K“*
L = latent heat of vapourisation for water at 373°K = 2257KJkg
75 = 100 - 25° = reference temperature = 25°C
Qv = 1.8316 x 10'3 x 4.187 x 75 + 1.8316 x 10‘3 x 2257
= 4.7091kJ; and is the heat required to just evaporate off
the water from the fuel.
After predrying the fuel, the exiting temperature, Te, of the hot 
gases will decrease, and the amount of temperature drop is 
calculated as follows:
At 1:0, the total heat taken away by all the gases before predrying = 
25.561kJ. This heat will be lowered by 4 .7091kJ after the pre-drying 
process so that
Mg Cpg (Tp - 25) + MCpw x 75 + ML +MCps (T -100) = 25.561 - 4.7091
Where Mg = weight of the hot gases excluding moisture (table 2)
Cpg = sp. heat of the gases (mean) (table 16)
Tp = new exiting temperature after pre-drying
M = Total mass of physical and intrinsic moisture 
Cps = sp. heat of steam
L = latent heat of vapourisation for water
.-. 0.02392 x 1.01(Tp - 25) + 0.00387 x 4.187 x 75 + 0.00387 x 2257 +
0.00387 x 2.20 (T -100) = 20.8519
or 0.03267 Tp = 12.3574 =£-Tp = 378.25°C at 1:0
By using the same procedure as above, the temperatures drop at the 
other air levels at 50kw have been calculated and are shown in table 29,
Effects of Air Rationing on C/C and £> •
(i) From Table 10, at 50kw, the carbon carryover magnitudes at the 
different air levels are:
Air Ratio Carbon Carryover kgsec”* c/c kgsec"* % C/C
1:0 2.213 x 10"4 0 :0..
1:1 6.708 x 10”5 1.543 x 10”5~ 69.7
1:1 5.448 x 10'5 1.668 x 10"5 75.4
2:1 4.085 x 10’5 1.804 x 10"5 81.5
Taking air ratio 1:0 as the basis,d C/C, kgsec”*, as a result of 
having secondary supply is given above by subtracting each of the 
other three C/Cs from 2.213 x 10"4 . The % change in C/C as a 
result of supplying secondary air is also given above by dividing 
A  C/C / 2.213 x 10”4
(ii) From table 14, at 50kw, the combustion efficiency ^  magnitudes
are shown below at each air level in the format of (i) above:
Air Ratio Po A  Po Po% (=A Po/50 x 100)
1:0 48.792 0 0
1:1 49.770 0.978 1.96
1:1 49.781 0.989 1.98
2:1 46.257 (-)2.535 (-)5.07
(iii) Effects of Air rationing on heat transfer
The heat transfer equation is Qw - UA4 T where each symbol has the
same meaning as in Appendix Cl. Using values in table 26, the changes in 
•
Qw and U as a result of rationing air are calculated as in (i) 
or (ii) and are shown in table 28. Values at air ratio 1:0 are taken 
as basis.
A INDUSTRIAL WASTE BIOMASS SURVEY FORM
1. Indicate by means of a tick ( ) the name(s) of the feed into your 
factory eg.
' ? Sugarcane
Coffee
Cashewnuts
Sisal
Cotton
Maize
Beans
Sorghum
Any other agricultural, forest,or animal-derived 
feed (give the name of feed)
2. Does the factory produce any combustible wastes from 
your feed?
3. What is the name and state of the waste produced?
solid
State liquid 
gas
name
Yes
StateName
4. Is the waste on a batch or continuous basis? Batch
Continuous
5. How much of the waste does your factory produce per year?
less than 100 tons
100-1000 tons
1000 - 10000 tons
more than 10000 tons
estimated quantity (if known)
157.
tons
6. Does the waste contain any dangerous or corrosive chemicals?
If yes, please give details
Yes
No
7. Is the waste further utilised by your factory?
Yes
No
8. If No in No. 7, is the waste thrown away or sold?
Thrown away 
Sold
9. Do you employ any steam or hot water generation facility 
for processior heating
Yes
No
10. What source of energy do you use for raising the steam/ 
hot water in No. 9.?
Electricity
Petroleum derived oils, eg. 
diesel oil
Coa 1 
Wood
Others
11. How much energy per year do you use for raising the steam/hot 
water in No. 9.?
Name
Kwh of electricity
Tons of petroleum derived oils
Tons of Coal
Tons of Wood
Any appropriate units in 
others
Name
158.
12. Do you often have shutdowns of your factory because of 
lack of fuel (energy)?
Yes
No
13. If 'yes' to question 12, what proportion of potential 
annual output is lost through such shutdowns?
Less than 10% capacity 
10-25% capacity 
25-50% capacity 
50-75% capacity 
75-100% capacity
14. Name the kind of furnace used in your factory for 
burning the fuel (petroleum, coal, wood, other etc.) 
which is used for raising your steam/hot water
15. Would you be interested in a survey of your waste as a 
fuel substitute?
Yes
No
16. What is the calorific value of your waste?
kJ/kg 
or Btu/lb
17. Write any further comments here.
Thank you for participating in this Questionnaire.
NOMENCLATURE:
a
A
A
b
Cpg =
Cp s =■'■ 
cpw =
CVd(gross) 
CVd(net) 
CVw(gross) 
CVw(net)
C/C ' 
CxHyOz: 
d
Dbe =
Dp
En
Eo
h
K
i
L
L "  =
m =
_ tjm =
me =
M
Mg
Mi
Mp =
Mw -
Fraction of total carbon feed forming carbon monoxide
2
2
-1
-1
Area, m 
Mean area, m
Fraction of. total carbon feed forming char.
Mean specific heat capacity of hot gases, KTkg~*°K“*
Mean specific heat capacity of steam, KJkg~*°K”*.
Mean specific heat capacity of water, KJkg“*°K“*.
= Gross calorific value of the dry, ash free fuel, KJkg 
= . Net calorific value of the dry, ash free fuel, KJkg”’5 
Gross calorific value of the wet, ash free fuel, KJkg 
= Net potential calorific value of the wet, ash free
fuel if the moisture was dried off first before combustion 
KJkg'1.
Carryover carbon..
Ash-free general formula for a cellulosic fuel.
General symbol for mean diameter, m.
Equivalent bagasse bulk diameter, m.
General symbol for particle diameter, m.
Nominal efficiency 
Overall thermal efficiency 
General symbol for height, m.
General symbol for constant 
General symbol for length, m.
Latent heat of water vapour at 100°C, KJkg“*.
Latent heat of water vapour at 25°C,KJkg"*.
Weight of water formed by combustion of unit mass of dry 
fuel at 25°C, kg.
Weight of traces of N£ released by combustion from fuel Kg. 
Fraction of physical moisture in a unit mass of wet fuel.
Sum of intrinsic and physical moisture weights at any given
conditions of operation, Kg.
Weight of combustion gases (less moisture), exiting at Te°, 
kgsec"*.
Weight of Intrinsic moisture exiting Te°,Kgse“ *
Weight of physical moisture exiting at Te ,Kgsec -1
Dry fuel which can be saved at given power operations if the 
wet fuel is predried, KgSec"1.
Mwf - Weight of wet fuel required for combustion, Kgsec-*
N True number of moles of 0^ an CO^ actually formed 
Nitrogenz
Nr = Reynold’s Number
OOP = Optimum operating power, kw.
Pn = Nominal power, kw.
Po = The actual operating power, kw, when there is some incomplete
combustion.
Pc = Heat released by completing a previously incomplete
combustion, KJ.
Pre = Heat used up for heating the primary air before combustion KJ,
-2P; = Packing density, kgm .
Qg = Heat exiting with the hot gases, excluding moisture KJ.
Qh = Total heat exiting with all the gases, including moisture, KJ.
Qi = Heat exiting with the intrinsic moisture, KJ.
Qp = Heat exiting with the physical moisture, KJ.
Qv = Heat required to vapourise physical moisture off wet fuel;
at 100°C, KJ.
Qw = Rate of heat transfer to the load in the pans, kw.
T = General symbol for temperature,°K.
Te = General symbol for the common exiting temperature of hot
gases and moisture, °K. .
Tp = Temperature of hot gases and moisture as they emerge from the
Combustion zone, °K.
Tp = New exiting temperature of the exiting gases after they have
been used for pre-drying, °K.
Ou = Mean linear velocity of the hot gases, msc-*, through the
gas passage
-2tt = Heat transfer coefficient, Wm .
Ut = General symbol for terminal velocity, msec"*.
Uta = Terminal velocity for ash particles, mse-*.
Mtc = Terminal velocity for char particles, msec-*.
U t ^ e = Bulk elutriation terminal velocity, mse-*.
Utf = Terminal velocity for fines, msec 
^-x = Velocity of combustion air supplied with excess, msec-*
161.
3V = General symbol for volume, m .
X = Mass flow of air, kg/lOmin.
Y = Percent ^  in Z.
Z = Weight of exiting hot gases, less water, from the system in
ten minutes.
8' a = Density of ash particles, kgm'3
= Bulk density of fuel, kgm"3 _3
C,c = Density of char particles, kgm •
Combustion Efficiency%
&
AO 2
General term for Density of stack gases, kgm'3 , at Te°,
= Weighted mean density, including moisture, of all gases at Te°.
= General term for density of flue gases, kgm"3 , at Tp°.
= Weighted mean density, including moisture, of all gases at
^  n -3
Tr kgm .
o 3= Weighted mean density, less moisture, of hot gases at Te , kgm” ,C ge 
3se
Q> m - Log mean temperature difference
o —3Mean density of moisture, at Te kgm ,
Oxygen Feed - Oxygen exiting, kgsec'*
^  tg = Te - reference temperature, °C.
162.
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MW'-*
Making TrimmingsPulp
v' - - y
Grapes Wine
Making
Pomance 
Leaf stems*
Solid
Semi-solid
Solid v/ -
Maize De-cobbing Maize
Cobs'
Sol id
v /  ' . v /
Tobacco Leaf Tobacco
Curing
Tobacco
dust'
Solid -
fared Tobacco Cigarette
Making
Tobacco* 
Dust, Wet 
Offal
Solid y - - y
Waste Paper Recycle of 
waste paper
Cellulose 
Fibre, plastic 
Wood
Solid in 
Suspension y • . y
Sisal Fibre-making Sisal husks Sisal fibre 
waste. Sisal 
1iquid
Sol id 
Liquid y J  -
Sugar Cane Making Sugar Bagasse Sol id v' - v /
Maize & 
Sorgham
Making
Chibuku
Wet grain 
dregs
Sol id
1/
- s /
Fruits Juice Making Fruit Peels Solid
Cashewnut De-husking Cashew husks Solid
7.4 barrels 1 ton * Base value of lOMJ/kg for all grains;
4.2 gallons 1 barrel + Base value of 8MJ/kg for all husks etc.;
. Base value offi12MJ/kg for woody w e t  rnattrC&ls \ except 
[1 ton Petroleum equivalent (ltPE) = 10.8xl0 kcal,. Source: Borzani ,W-in If? *^thano 1 B
Tons petroleum equivalent = kwh x 1000 x 3600 Joules
10.8 x 10T x 1000 x 4.187 Joules/Ton.
✓
v/ v/
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